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ABSTRACT 
 
FABRICATION OF PROTEIN-POLYSACCHARIDE PARTICULATES THROUGH 
THERMAL TREATMENT OF ASSOCIATIVE COMPLEXES 
 
SEPTEMBER 2009 
 
OWEN GRIFFITH JONES, B.S., the OHIO STATE UNIVERSITY 
 
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 
 
Directed by: Professor D. Julian McClements 
 
 
 
Mixed solutions of β-lactoglobulin and anionic polysaccharides, specifically pectin, 
were formed into associative complexes through pH reduction from neutral conditions.  
Thermal treatment of these associative complexes was investigated as a function of 
biopolymer composition, heating conditions, pH, and ionic strength.  Thermal treatment 
of β-lactoglobulin-pectin complexes at pH 4.5 – 5.0 was found to create protein-based 
particulates of consistent and narrow size distribution (diameter ~ 150 – 400 nm).  These 
particulates were relatively stable to further pH adjustment and to high levels of salt (200 
NaCl).  Particle characteristics were maintained after re-suspending them in aqueous 
solutions after they have been either frozen or lyophilized.  Thermal analysis of β-
lactoglobulin-pectin complexes using calorimetry (DSC) and turbidity-temperature 
scanning indicated that the denaturation of β-lactoglobulin was unaffected by pectin, but 
protein aggregation was limited by the presence of pectin.   
Biopolymer particles formed using two different methods were compared: Type 1 – 
forming β-lactoglobulin nanoparticles by heating, then coating them with pectin; Type 2 
– forming particles by heating β-lactoglobulin and pectin together.  Type 2 particles had 
smaller diameters and had better pH and salt stability than Type 1 particles.  It was 
 vii 
 
proposed that Type 2 particles had a pectin-saturated surface that limited their 
aggregation, whereas Type 1 particles had “gaps” in the pectin surface coverage that led 
to greater aggregation.   
Finally, the possibility of controlling the size and concentration of biopolymer 
particles formed by heating β-lactoglobulin-pectin complexes by controlling preparation 
conditions was studied.  Biopolymer particle size and concentration increased with 
increasing holding time (0 to 30 minutes), decreasing holding temperature (90 to 70 ºC), 
increasing protein concentration (0 to 2 wt%), increasing pH (4.5 to 5.0), and increasing 
salt concentration (0 to 50 mol/kg).  The influence of these factors on biopolymer particle 
size was attributed to their impact on protein-polysaccharide interactions, protein 
denaturation, and protein aggregation kinetics.   
The knowledge gained from this study will facilitate the rational design of 
biopolymer particles with specific physicochemical and functional attributes that can be 
used in the food and other industries, e.g., for encapsulation, texture modification, optical 
properties modification.   
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CHAPTER 1 
1. INTRODUCTION 
 
1.1 Introduction 
The food industry is searching for new techniques and materials for creating 
value-added structures on the micron or sub-micron scale that can be used as 
encapsulation devices for bioactive components (1) or as functional food ingredients for 
modification of the stability, texture, mouthfeel or optical properties of foods (2).  This 
search is balanced by limitations of cost and the approval of possible food-grade source 
materials (3, 4).  There are a variety of techniques for creating value-added particles, such 
as spray-drying or extrusion/gelation of biopolymer droplets (5).  Despite the advances in 
these techniques, other techniques deserve investigation for greater efficiency and 
versatility in the food industry. 
Assembly of biopolymer-based particles may be achieved through spontaneous 
formation, most notably through coacervation.  Coacervation is a process wherein 
biopolymers of opposing charge interact on a very short-scale, producing associative 
complexes (6).  Food-grade coacervates are often composed of both protein and 
polysaccharides materials, which are mixed at a pH value where no interaction takes 
place (i.e. same sign charge).  A change in the pH value across the protein’s isoelectric 
point is then used to induce a reversal in protein charge and initiates complexation (7).  
Under certain conditions, complexation may continue until the conglomerate attains 
neutrality and separates as a dense lower phase (6).  By utilizing pH values and 
biopolymer conditions insufficient to meet this extreme, a soluble complex is formed 
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from just a few interacting molecules (8).  Recent studies have shown the existence of 
soluble complexes between globular proteins and polysaccharides near or above the 
isoelectric point (9). 
Soluble, or at least suspended, complexes are held together mostly through 
electrostatic interactions at localized charged segments (10).  Therefore, their formation 
is easily reversed through changes in solution conditions (i.e. pH, ionic strength).  To 
retain structure, methods are required to “sinter” the complex components together, 
forming stronger intermolecular bonds within the agglomerate.  A common and proven 
method of such cross-linking is the use of aldehydes, such as glutaraldehyde (11).  
Nevertheless, there are concerns about the toxicity of these cross-linking agents, and 
therefore there is a need to create an efficient, cost-effective, and practical method for 
sintering complexes for food grade materials.  Strong intermolecular interactions may be 
attained through thermal treatment of the globular protein β-lactoglobulin, which forms 
aggregates held together by hydrophobic and disulfide linkages (12).  The purpose of this 
dissertation was to create electrostatic complexes between a model globular protein (β-
lactoglobulin) and anionic polysaccharides, and investigate the use of thermal treatment 
as a method for sintering these complexes into stable particles.   
A biopolymer particle may be characterized by its physical properties and its 
stability to different environmental conditions.  Physical properties, such as diameter and 
charge, may be investigated through techniques such as light scattering, optical light 
absorption (13), and electrophoretic mobility (14).  The stability of biopolymer particles 
to different environmental conditions (such as pH, ionic strength, heating, chilling, 
freezing, drying) depends on its composition, its surface characteristics (e.g. charge), and 
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its structural integrity (e.g. intermolecular bonding).  Ultimately, one would like to be 
able to rationally control the properties and stability of biopolymer particles by 
controlling their composition and preparation conditions. 
Formation of stable particles through thermal treatment of globular protein-
polysaccharide complexes requires a detailed knowledge base.  A firm grasp is needed of 
the charge, size, and thermal properties of the biopolymers, including their isoelectric 
points and denaturation conditions.  Also, it is important to understand the process of 
complexation between globular proteins and polysaccharides, especially in relation to 
other particle-forming systems.  These topics will be further discussed in the Literature 
Review.  Characteristics of β-lactoglobulin, pectin, carrageenan, and their formed 
complexes will be investigated in the first experiments, followed by investigations on 
thermal treatment of these complexes.  Throughout these experiments, particle 
characteristics will be studied under different conditions to determine their stability. 
 
1.2 Objectives 
The overarching objective of this research thesis was fourfold: (i) to investigate 
the effects of thermal treatment on complexes between β-lactoglobulin and anionic 
polysaccharides (pectins or carrageenan); (ii) to create stable biopolymer particles 
through the thermal treatment of these complexes; (iii) to analyze their characteristics and 
distinguish their properties in relation to an existing hydrocolloid aggregate system; (iv) 
to identify variables that maximize the stability and utility of biopolymer particles by the 
investigation of particle characteristics in different solution environments (such as pH or 
ionic strength).     
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CHAPTER 2 
2 LITERATURE REVIEW 
 
2.1 Introduction 
Colloidal particulate systems are finding increasing utilization within the food 
industry for application as encapsulation and delivery systems, or to modulate the 
physicochemical and sensory properties of foods (15-19).  To be commercially viable 
these systems must be prepared entirely from food-grade ingredients using economic and 
reliable processing operations.  One of the most promising routes to produce food-grade 
colloidal particulates is to create biopolymer particles from proteins and/or 
polysaccharides (20-25).  Nano- and micro-scale biopolymer particles can be created 
from proteins and polysaccharides using a number of different physicochemical 
principles, including controlled complexation, segregation, and gelation.  These 
biopolymer particles must be carefully designed and manufactured so that they exhibit 
the required functional attributes within the final product, e.g., optical properties, 
rheological properties, release characteristics, encapsulation properties, and 
physicochemical stability.  A great deal of research has focused on understanding the 
behavior of protein-polysaccharide systems, and their potential for forming biopolymer 
particles (20, 26-28).  It is the purpose of this article to provide an overview of globular 
protein-polysaccharide interactions, of methods to manufacture biopolymer particulates 
with controlled properties, of strategies for stabilizing these particulates, and of potential 
applications of these particulates in food systems.     
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There is a growing trend within the food industry towards the development of 
innovative products through the rational design of functional structures based on the 
application of fundamental physicochemical principles, rather than the use of the more 
traditional “trial and error” approach (29, 30).  A major reason for this tendency is that 
there are currently only a limited number of substances that are legally allowed in foods, 
and it is extremely time-consuming and costly to get new ingredients accepted.   
Consequently, food manufacturers must introduce innovation through controlling the 
structural organization of existing food grade ingredients, rather than through introducing 
new functional ingredients (4).  It is for this reason that many technologies developed in 
other industries cannot simply be adopted by the food industry because they use either 
ingredients or processes that are not legally acceptable or economically viable (3).   
Biopolymer particles may be utilized for the encapsulation, protection and 
delivery of various functional food ingredients, such as bioactive lipids, minerals, 
enzymes, peptides, and dietary fibers (1, 3, 4, 31).  In these applications it is important 
that the biopolymer particles do not adversely affect the physicochemical characteristics 
of the food in which they are incorporated, but that they are capable of delivering the 
encapsulated component at the point where it needs to be released (e.g., mouth, stomach, 
small intestine, colon).  Biopolymer particles may also be used to modulate the 
physicochemical and sensory properties of foods, such as their appearance, texture, 
stability or flavor (32-37).  This application may be desirable to produce foods with novel 
properties, or to replace ingredients associated with health problems.  For example, 
biopolymer particles could be used to simulate the properties of fat droplets in emulsified 
food products, thereby lowering dietary lipid intake (38-40).   
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Biopolymer particulates can be fabricated using many different physicochemical 
approaches, e.g., extrusion/gelation, segregation, aggregation, size-reduction, solvent 
removal.   All of these approaches demand a firm knowledge of the properties of food 
biopolymers, their possible interactions in solution, and structural assembly principles.  A 
creative food scientist must carefully select the appropriate biopolymer(s), particle-
creation method(s), and finishing step(s) in accordance with the particulate’s ultimate 
functional purpose.     
 
2.2 Biopolymer Particle Properties 
The functional performance of a biopolymer particle ultimately depends on its 
composition, physicochemical properties and structural characteristics.  It is therefore 
useful to be aware of the most important characteristics of biopolymer particles, and their 
relationship to the bulk physicochemical and sensory properties of foods.  The 
composition and structure of biopolymer particles can then be rationally designed to 
obtain the desired functional attributes. 
2.2.1 Particle Composition 
Biopolymer particulates can be fabricated from a variety of different food-grade 
proteins and polysaccharides, e.g., whey protein, casein, gelatin, soy protein, zein, starch, 
cellulose, and various other hydrocolloids.  In addition, they may contain other 
components, such as water, lipids, minerals, and sugars.  As well as the overall 
composition of the biopolymer particles, it is often important to control the spatial 
organization of the different components (e.g., homogeneous, dispersion, or core-shell), 
as well as the nature of the molecular interactions acting between the components (e.g., 
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physical or covalent bonds).  The type, concentration, interactions and location of the 
different components present within a biopolymer particle can alter many of its 
physicochemical properties (e.g., density, refractive index, fluidity, environmental 
sensitivity, and enzyme digestibility) and therefore its functional characteristics (e.g., 
stability to gravitational separation, optical properties, rheology, and in vivo digestibility). 
It is therefore important to design and fabricate biopolymer particles with specific 
compositions and structures.  For example, if one were designing a biopolymer particle to 
deliver an anti-cancer component to the colon it would be necessary to construct it from 
components that were not susceptible to disruption or digestion within the mouth, 
stomach and small intestine, but that do breakdown in the colon to release the component 
(see later). 
The selection of particular proteins and polysaccharides to form biopolymer 
particles will depend on a number of factors: (i) the ability of the biopolymers to 
assemble into particles; (ii) the functional attributes of the particles formed e.g., their 
size, structure, charge, permeability, and stability to environmental and solution 
conditions; (iii) the legal status, cost, ease of use, and consistency of the biopolymer 
ingredients. 
2.2.2 Particle Dimensions, Shape and Internal Structure 
Biopolymer particulates can be created with a wide range of different sizes, 
shapes and internal structures depending on the nature of the ingredients and assembly 
conditions used to fabricate them (Figure 2-1).  The mean particle diameter of 
biopolymer particles typically lies somewhere in the range 100 nm to 1000 µm.  The 
particle size is important because it impacts both the physicochemical properties and 
  
sensory attributes of foods (see Section 2.5). The dimensions of the particles in a 
colloidal dispersion are usually expressed as either the particle size distrib
as a mean particle diameter (
to know the fraction of particles that fall above or below some critical size, 
cumulative distribution. 
 
 
 
 
Figure 2.1: Electron microscopy images of select biopolymer formations from the literature: (a) 
alginate microbeads with poloxomer 407
protein microbeads with alginate coating
method (44). 
 
Sources: (a) Moebus et al. (2009) Eur J Pharm & Biopharm, 72: 42; (b) Akkermans et al. 
(2008) Food Hydrocolloids 22: 1315; (c) Rosenberg & Lee (2004) J Microencapsulation, 
21(3): 263; (d) An et al. (2009) J Colloid Int Sci, 331: 98.
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Many types of biopolymer particles are approximately spherical in shape, 
although other shapes are also possible, such as spheroids, fibers, or clusters (Figure 2.1).  
Non-spherical shaped particles can be produced by extrusion or molding methods (45), or 
by applying shear forces to a solution during particle formation (46).  The internal 
structure of a biopolymer particle may also be important for particular applications.  In 
principle, a biopolymer particle could have various different types of internal structure 
depending on the type of ingredients present, their interactions with one another, and 
their relative spatial organization.  The particle interior may be: 
− Homogeneous: A biopolymer particle interior may be comprised of a single kind 
of biopolymer or a combination of biopolymers that are intimately mixed with 
each other so that they can be considered to be homogeneous on the length scale 
considered. 
− Heterogeneous - Dispersion:  A biopolymer particle may consist of two or more 
discrete phases, with one or more of the phases being dispersed within another 
phase.  The nature, size, shape, interactions and organization of the dispersed and 
continuous phases within the particle may vary considerable.  For example, the 
dispersed phase may be a network of aggregated biopolymer molecules dispersed 
within water.  In this case, the size, shape and connectivity of the pores between 
the biopolymer molecules may be important.  Alternatively, the dispersed phase 
may be lipid droplets, solid particles or air bubbles dispersed within a hydrogel 
phase.  In this case, the size, concentration and location of the dispersed particles 
may be important. 
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− Heterogeneous - Core-Shell:  A biopolymer particle may consist of two or more 
discrete phases, with at least one of the phases forming a shell around the other 
phase.  This shell may vary in its composition, thickness and structure, e.g., it may 
be single or multiple layered.   
 
The internal structure of the biopolymer particle may play an important role in 
determining its functional characteristics, e.g., encapsulation efficiency, loading capacity, 
permeability, integrity and digestibility.  For example, an active ingredient encapsulated 
within a highly porous particle may be released much faster than one encapsulated within 
a dense solid particle.  Similarly, a lipid encapsulated within a highly porous biopolymer 
particle may be more digestible than one encapsulated within a dense solid particle 
because the digestive enzymes (lipase) should be able to penetrate in more easily. 
2.2.3 Particle Electrical Characteristics 
The electrical characteristics of biopolymer particulates are important for a 
number of reasons.  First, they influence the stability of the biopolymer particles to 
aggregation with each other.  If the biopolymer particle charge is sufficiently large, then 
there will be a high electrostatic repulsion between the particles that may help prevent 
aggregation. Second, the electrical characteristics of biopolymer particles determine their 
interactions with other charged species in the surrounding medium.  If a biopolymer 
particle has an opposite charge to another ionic ingredient within a food, then it may form 
an electrostatic complex that leads to product instability (e.g., precipitation and sediment 
formation).  Third, the electrical charge on a biopolymer particle determines how it 
interacts with biological surfaces within the human body, such as the mouth, stomach, 
small intestine and colon.  A cationic biopolymer particle may bind to the anionic surface 
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of the tongue thereby causing a perceived astringency.  On the other hand, a cationic 
biopolymer particle may be designed as a delivery system that can bind to a specific 
location within the gastrointestinal tract (mucoadhesion), so as to delay its transit, and 
thereby deliver its payload over a longer time.  Finally, the electrical characteristics of the 
molecules within a biopolymer particle may determine its internal structure, and might 
lead to either swelling or shrinking in response to environmental changes such as pH or 
ionic strength. Similarly charged biopolymers will tend to repel each other, whereas 
oppositely charged ones will attract each other. 
The electrical characteristics of biopolymer particles are determined by the 
properties of the various components used to fabricate them, as well as the pH and ionic 
composition of the surrounding medium.   
Proteins are amphoteric molecules that have both anionic and cationic side groups 
along their polymer chains.  Each type of protein is characterized by an isoelectric point 
(pI) where its net charge is zero.  At pH values below the pI the protein is positively 
charged, and at pH above the pI it is negatively charged (Figure 2.2).  The change in sign 
of the protein charge with pH is often utilized to assemble structured delivery systems in 
foods, e.g., soluble complexes, coacervates, or multilayers.  It should be noted that even 
though a protein has a particular net charge under certain environmental conditions, it 
usually has negative, positive and neutral regions on its surface, which may have a major 
impact on its interactions.    
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Figure 2.2: Dependence of ζ-potential on the pH of different biopolymer solutions. 
 
Polysaccharides may be anionic, cationic or non-ionic depending on the nature of 
their functional groups.  The electrical charge of ionic polysaccharides also varies with 
pH depending on the pKa value of the ionizable side-groups.  Polysaccharide molecules 
with different linear charge densities are available as food ingredients, which can be 
isolated from nature or modified after isolation e.g., carboxyl groups on pectin (DM - 
degree of methoxylation), sulfate groups on carrageenan (e.g., λ−, ι−, κ−carrageenans), 
or amine groups on chitosan (DA - degree of deacetlyation).  A summary of the different 
electrical characteristics of some commonly used biopolymers is given in Table 2.1. 
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Table 2.1.  Molecular characteristics of different food-grade proteins and polysaccharides 
that can be used to assemble biopolymer particles. 
 
Protein MW (kDa) Structure pI Approximate Tm 
β-lactoglobulin (47) 18.3 Globular 4.8-5.1 75 
Casein (48) ~67 Rheomorphic / 
micellar ~4.6 125-140 
Bovine Serum 
Albumin (49) 66.4 Globular 4.7 70-90 
Ovalbumin (50, 51) 45 Globular 4.5-4.7 74 
Soy Glycinin (52-
54)  19-40 (55) Globular ~5 
67 (7S), 87 
(11S) 
 
Polysaccharide Structure Charged Monomer Gelation 
Carrageenan (56) Linear/Helical Sulfated Galactan Cooled Set 
Xanthan Gum 
(57-59) Linear (High MW) 
Glucuronate / acetate-
pyruvate 
None; Thickens with 
Concentration 
Methyl Cellulose 
(57-59) Linear none Heat-Set (rev.) 
Pectin (57-59) Highly Branched Coil Glucuronate 
Sugar/Heat (HM); 
Calcium (LM) 
Gum Arabic (57-
59) 
Coils + Associated 
Protein None (from protein) Conc. Dependent 
Alginate (57-59) linear Mannuronate / Guluronate Calcium Cross-linking 
 
2.2.4 Particle Physicochemical properties  
The type of components a biopolymer particle contains, their interactions with 
each other, and their relative location determine many of its physicochemical properties, 
such as density, refractive index, rheology, polarity, and porosity (mesh size). In turn, 
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these physicochemical characteristics determine the way that other molecular species 
interact with the particle, such as equilibrium partition coefficients (KOW), diffusion 
coefficients (D) and permeability characteristics (P).  In addition, the physicochemical 
properties of the particles will determine the bulk physicochemical of the overall system, 
such as the appearance (e.g., optical properties depend on particle refractive index), 
texture (e.g., rheological properties depend on particle porosity) and stability (e.g., 
sedimentation rate depends on particle density).  It is therefore important to be able to 
define, measure and control the physicochemical properties of biopolymer particles so 
that they exhibit the particular functional attributes required.  Some of the impacts of 
biopolymer particles on the macroscopic physicochemical properties of materials are 
reviewed below. 
2.2.5 Particle Integrity and Environmental Sensitivity 
The integrity of a biopolymer particle determines its ability to maintain its 
composition and structure under a given set of environmental conditions.  In many 
applications it is important for a biopolymer particle to preserve its integrity under one set 
of environmental conditions, but then breakdown under another set of conditions.  For 
example, if a biopolymer particle is going to be used as a delivery system for a bioactive 
component that must be released in the small intestine, then it will have to be designed to 
maintain its integrity within the product, mouth and stomach, but breakdown within the 
small intestine.  A biopolymer particle may lose its integrity by a number of different 
physicochemical mechanisms: it may completely dissociate; it may erode throughout; it 
may erode from the edges; or, it may swell or shrink.  The mechanism involved depends 
on the type of biopolymer components present, the nature of the interactions holding 
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these components together (e.g., electrostatic, hydrogen, hydrophobic, van der Waals, or 
covalent bonds), and the prevailing environmental conditions (e.g., pH, ionic strength, 
temperature, or enzyme activity).  
2.2.6 Impact of Particle Properties on Physicochemical and Sensory Properties 
In practical applications it is important that a biopolymer particle either improves 
or at least does not adversely impact the physicochemical and sensory properties of the 
food product that it is incorporated in.  It is therefore important to understand how 
biopolymer particle characteristics impact the bulk physicochemical and sensory 
properties of foods. 
2.2.6.1 Optical properties 
The optical properties of food materials may be altered when biopolymer particles 
are incorporated into them.  The two most important optical properties of foods are their 
opacity (which is primarily determined by light scattering) and their color (which is 
primarily determined by selective absorption of light waves).  Biopolymer particles 
typically have a different refractive index than the surrounding medium and so they 
scatter light, thereby altering the optical properties and appearance of foods.  The overall 
impact of added biopolymer particles on the optical properties of a particular food 
depends on their concentration, size and refractive index (60).  The impact of particle size 
and refractive index on the optical properties (turbidity) of a biopolymer particle 
suspension is shown in Figure 2.3.  The turbidity is relatively low for small particles (d < 
50 nm), increases to a maximum value around d = 1000 nm, and then decreases as the 
particle size is increased further.  The turbidity increases as the refractive index contrast 
increases, which would occur if the total biopolymer concentration within a biopolymer 
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particle increased (i.e., the porosity decreased).   The impact of biopolymer particles on 
optical properties has important practical consequences for the application within 
different types of foods, since some products should be transparent product (e.g., clear 
beverages), whereas others should be opaque (e.g., yogurt, dressings, sauces).  A 
biopolymer particle may therefore have to be designed so that its properties to not 
adversely impact the final optical properties and appearance of a product, e.g., by 
controlling its size or refractive index contrast.  For transparent products it would be 
necessary to use small biopolymer particles (d < 50 nm) that do not scatter light strongly, 
whereas for an opaque product it would be necessary to use biopolymer particles that do 
scatter light strongly (d ≈ 500 – 2000 nm).    
 
Figure 2.3: Dependence of solution turbidity (λ = 600 nm) on particle size as detected 
from dynamic light scattering of thermally treated β-lactoglobulin complexes (0.1% 
w/w). 
 
*:  Turbidity values of samples were normalized against the determined amount of 
precipitated protein, the principal subject of light scattering. 
0.5
0.75
1
1.25
1.5
250 300 350 400
N
o
rm
a
liz
ed
*
 
Tu
rb
id
ity
 
(cm
-
1 )
Z-Average Size (nm)
Figure 2-3
 17 
 
 
2.2.6.2 Rheological properties 
The rheology or texture of food materials may also be affected by the 
incorporation of biopolymer particles.  The impact of biopolymer particles on rheology 
depends mainly on their concentration, composition, interactions, shape and size.  To a 
first approximation, the impact of biopolymer particles on the viscosity of fluid foods can 
be described by the following equation: 
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Here, η0 is the shear viscosity of the liquid surrounding the particles, φeff (= Rφ) is 
the effective volume fraction of the biopolymer particles, φ is the actual volume fraction 
of the biopolymer molecules that make up the particles, φc is the critical packing 
parameter (≈ 0.6) where spherical particles become close packed, and R is the effective 
volume ratio (the total effective volume occupied by the biopolymer particle divided by 
the volume occupied of the actual biopolymer chain).  The effective volume of a 
biopolymer particle may be considerably greater than the actual volume of the 
biopolymer molecules for a number of reasons: (i) solvation –biopolymer particles may 
entrap solvent molecules; (ii) flocculation –aggregated particles trap solvent between 
them; (iii) non-sphericity – non-spherical particles have a greater effective volume than 
the equivalent mass of spherical particles.   
Overall, the viscosity of a biopolymer suspension increases with increasing 
biopolymer concentration, gradually at first and then steeply as the particles become 
 18 
 
more closely packed and the particle concentration approaches φc (61).  Above φc the 
system gains solid-like characteristics, such as a yield stress and an elastic modulus.  The 
effectiveness of biopolymer particles at increasing the viscosity of the system increases as 
they entrap more solvent (higher R) within their structure.      
Biopolymer particles may be designed to provide desirable rheological attributes 
to a product (e.g., thickness or creaminess), or they may be designed so that they do not 
adversely impact the anticipated textural attributes of a product (e.g., by not greatly 
increasing or decreasing the expected viscosity).  Some foods are required to have a low 
viscosity (such as beverages) while other foods are meant to be highly viscous or gel-like 
(such as dressings, dips, sauces or deserts).  Based on the above discussion the main 
characteristics of biopolymer particles that can be designed to control their impact on 
food texture are: composition, shape and interactions.   Their ability to increase solution 
viscosity will increase as they become more highly solvated, more asymmetrical, and 
more strongly interacting.  
2.2.6.3 Stability 
The biopolymer particles incorporated into a food system should remain stable 
through the expected life-time of the product, which includes specific processing, 
transport, storage, and utilization conditions.  In addition, the biopolymer particles should 
not adversely impact the normal shelf-life of the product itself.  Biopolymer particles may 
become unstable in a food product through a variety of mechanism, including 
gravitational separation (creaming or sedimentation), aggregation (flocculation or 
coalescence), volumetric changes (swelling or shrinking), and dissociation (erosion or 
disintegration).  It is important to identify the major physicochemical mechanism that 
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promotes biopolymer particle instability in a particular food product so as to successfully 
combat instability issues. The dominant instability mechanism depends on the 
characteristics of the molecules the particles are assembled from (e.g., type, 
concentration, interactions, organization), the characteristics of the particles (e.g., 
physicochemical properties, size, and charge), and the environmental conditions (pH, 
ionic composition, and temperature).  
In dilute Newtonian fluid solutions, the creaming rate of non-interacting rigid 
spherical particles in a Newtonian liquid is given by Equation 5.     
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Here, v is the creaming velocity (positive v for creaming; negative v for 
sedimentation), g is the acceleration due to gravity, r is the radius of the particle, ρ is the 
density, η is the shear viscosity, and the subscripts ‘1’ and ‘2’ refer to the continuous 
phase and particles, respectively.  More sophisticated mathematical models are available 
that take into account polydispersity, non-spherical particles, particle fluidity, particle-
particle interactions and non-Newtonian fluids (61).  The overall density of a biopolymer 
particle will depend on the densities (ρ) and concentrations (φ) of the various components 
within the particle.  Typically, biopolymer particles contain biopolymer and water in 
different ratios, and so the overall particle density is given by: 
 
ρParticle= φBρB + (1−φB)ρW       (6)  
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Here the subscripts B and W refer to biopolymer and water, respectively.  In 
many applications, biopolymer particles may contain other components and so the above 
equation must be extended.  For example, for hydrogel particles filled with lipid droplets:  
 
ρParticle= φBρB + φLρL + (1−φB−φL)ρW      (7)  
 
The sedimentation rate increases as the particle size and density increase, which 
may be important for applications in certain food products.  If the biopolymer particles 
are going to be used in a low viscosity product (such as a beverage) then it may be 
necessary to use small particles that do not sediment during the shelf-life of the product, 
but if the biopolymer particles are going to be used in a highly viscous or gelled product 
(such as a desert, dressing or sauce) then this issue may be less important. 
The impact of other major forms of instability of the shelf-life of biopolymer 
particles can also sometimes be predicted using mathematical models.  For example, the 
tendency for particle aggregation to occur can be predicted by calculating the relative 
strength of the various attractive and repulsive colloidal interactions operating between 
them, e.g., van der Waals, steric, electrostatic and hydrophobic forces (61).  When the 
attractive forces dominate the particles have a tendency to aggregate, but when the 
repulsive forces dominate they are stable to aggregation.  The tendency for swelling, 
shrinking, erosion or dissociation to occur is highly system-specific and will depend on 
the type of bonds holding the biopolymer molecules together in the particles, e.g., 
covalent, ionic, hydrophobic or hydrogen bonding. 
 21 
 
2.2.6.4 Release characteristics 
A biopolymer particle may be designed to encapsulate, protect and release a 
specific functional food component, such as a flavor, antimicrobial, antioxidant, or 
bioactive nutrient.  Consequently, it may have to be designed to release the active 
component at a particular site, which may be the mouth, stomach, small intestine or 
colon.  Developing a mechanistic model for such processes requires understanding of the 
physicochemical mechanisms leading to release. Four main mechanisms, which mainly 
differ in the role the carrier plays in controlling core release, have been described:  
Diffusion:  The active component simply diffuses into the surrounding medium 
through the matrix, which remains intact.  The diffusion rate will depend on the 
mesh size of the biopolymer network compared to the size of the diffusing 
molecules.   
Erosion:  The active component is released into the media due to erosion processes 
taking place at either the outer layer or throughout the entire volume of the 
biopolymer matrix.  Matrix erosion may be due to physical, chemical or 
enzymatic degradation processes, such as dissociation of physical bonds (e.g., 
electrostatic, hydrophobic or hydrogen bonds) or chemical or enzymatic 
hydrolysis of covalent bonds.  
Fragmentation: The active component is released into the media due to the physical 
disruption of the carrier, which is either fragmented or fractured, e.g., by applying 
shear or compression forces. The bioactive will still diffuse out of the particles, 
but the rate of release will be quick due to the increased surface area and 
decreased diffusion path. 
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Swelling/Shrinking:  Core release may be induced by the uptake of solvent by the 
biopolymer particles, which causes the particles to swell. For example, an active 
component could be encapsulated within a solid biopolymer particle or within a 
hydrogel biopolymer particle with a pore size small enough to prevent it from 
leaching out.  Once the particle absorbs solvent molecules, it swells and the active 
component can then diffuse out.  The active component could be loaded into the 
biopolymer particles by initially swelling them in its presence, and then changing 
the solution conditions to induce shrinkage.   
 
Mathematical theories have been developed to that can be used to model different 
types of release mechanisms involving particulate systems (62, 63).  Selecting the most 
appropriate mathematical model requires understanding the physicochemical origin of the 
release of the active component, e.g., diffusion, erosion, swelling, or fragmentation.  
Information about the structure and physicochemical properties of the biopolymer 
particles and surrounding medium are required to utilize these mathematical models, such 
as the initial particle size distribution, the concentrations of the active component within 
the particle and surrounding medium (equilibrium partition coefficients), and the 
transport rate of the active component in the system (translational diffusion coefficients).  
While such empirical data is often available for drug delivery systems, the data for food 
delivery systems is only now starting to accumulate (64).  The utilization of these models 
will help food scientists to rationalize the design, fabrication and utilization of 
biopolymer particle systems with specific release characteristics. 
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2.3 Structural Design Principles 
The rational design of biopolymer particles with specific functional attributes 
requires knowledge of the building blocks used to assemble them (proteins and 
polysaccharides), the forces holding these building blocks together (physical and 
covalent) and the physicochemical principles used to assemble the building blocks (top-
down and bottom-up methods). 
2.3.1 The Building Blocks: Biopolymer Characteristics 
The functional properties of biopolymer particles are ultimately determined by the 
type, concentration and interactions of the biopolymer molecules used to assemble them.  
In addition, the type of preparation method that can be used to fabricate a biopolymer 
particle depends on the specific characteristics of the biopolymer molecules involved.   
The two major classes of food-grade biopolymer that are used to fabricate functional 
biopolymer particles are proteins and polysaccharides.  In this section, we provide a brief 
overview of the molecular and physicochemical attributes of some of the most widely 
used biopolymers, restricting ourselves to a discussion of globular proteins and ionic 
polysaccharides for the purpose of this review (Table 2-1).   
2.3.1.1 Globular Proteins 
Proteins are polypeptide chains consisting of amino acids linked together through 
peptide bonds.  There are twenty amino acids from which proteins are typically 
constructed, which are distinguished by their functional groups, e.g., amines, 
carboxylates, hydroxyls, phenolics, and sulfhydrals (65).  The type, number and sequence 
of amino acids along the polypeptide chain determine the molecular weight, 
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conformation, electrical charge characteristics, hydrophobicity, physical interactions, and 
chemical reactivity of proteins.   
2.3.1.1.1 Molecular Conformation 
In globular proteins, the polypeptide chain is usually folded into a compact 
spheroid conformation with most of the non-polar amino acids located in the interior and 
the polar amino acids located at the exterior (66).  The major driving force for the 
formation of this type of compact structure is the hydrophobic effect, which is an attempt 
to minimize the unfavorable contact between non-polar groups and water.  Nevertheless, 
the globular structure is also partly stabilized by other types of physical interaction, such 
as van der Waals, hydrogen and electrostatic bonds.  Thus, an appreciable fraction of the 
amino acids in a globular protein may be involved in secondary structure formation 
involving extensive hydrogen bonding, such as α-helices or β-sheets.  Covalent bonds 
(disulfides) also play a key role in maintaining the internal structure of many globular 
proteins, e.g., β-lactoglobulin, bovine serum albumin, and soy glycinin (53, 67, 68).      
In nature, globular proteins have a specific biological function (e.g., enzyme 
activity, signaling or transport), which requires that they have a specific three-
dimensional conformation usually referred to as the native state.  In food systems, 
globular proteins typically exist in various non-native (denatured) conformations, which 
differ from the native state by an amount that depends on the history of the system.  For 
example, globular protein structure may be altered during the extraction, isolation and 
purification of functional food ingredients (such as milk, egg or soy concentrates/isolates) 
or after incorporation into a food product due to changes in their environment, such as 
pH, ionic strength, solvent type, thermal processing, adsorption to interfaces, high 
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pressure, dehydration, or chemical treatments.  In principle, denaturation may be either 
reversible or irreversible, but it is typically irreversible for the globular proteins 
commonly used in foods.  When a globular protein becomes denatured its physical and 
chemical interactions may change appreciably.  Denaturation usually leads to exposure of 
non-polar and sulfur-containing groups that were originally present within the compact 
interior of the globular protein.   Consequently, denatured proteins have a greater 
tendency to aggregate with each other through hydrophobic bonding and disulfide bond 
formation.  An understanding of the factors that impact globular protein denaturation is 
helpful in the rational formation of biopolymer particles with specific characteristics.  
Indeed, a variety of structures have been formed by carefully controlling the denaturation 
and aggregation of globular proteins, such as spheroids, filaments (69, 70) and nano-
tubes (71). 
At ambient temperatures globular proteins may self-associate into various types of 
quaternary structures (e.g., dimers or octamers), depending on solution conditions (e.g., 
pH, ionic strength, and solvent type).  Upon heating, these quaternary structures may 
dissociate (72), followed by partial unfolding of the secondary and tertiary structures of 
the protein (73, 74).  Hydrophobic groups are then exposed to the surrounding aqueous 
(75, 76), leading to protein aggregation with other proteins or hydrophobic components 
(77).  Hydrophobic aggregation is especially prevalent near the isoelectric point or at high 
ionic strengths, where the electrostatic repulsion between protein molecules is low (78).  
At sufficiently high pH values, disulfide interchanges may also occur (79, 80) leading to 
the formation of irreversibly denatured structures (81).  The thermal denaturation 
temperature (Tm) of a globular protein depends on hydrophobic interactions and packing 
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structures within the interior (82), which themselves are functions of the protein 
composition, pH, ionic composition, and solvent type, as stated above.  For example, 
thermal denaturation is less favorable (higher Tm) at pH values close to the isoelectric 
point, which has been attributed to increased hydrogen bonding between secondary 
structures, increased electrostatic attraction, and reduced electrostatic repulsion along the 
polypeptide chain (79, 83, 84) (85).   
The nature of the protein aggregates formed is highly dependent on the relative 
strength of the various molecular interactions in the system.  Large spheroid particulate 
aggregates (diameter ≈ 100 – 1000 nm) tend to be formed under conditions where there is 
only a weak electrostatic repulsion between the protein molecules: pH ≈ pI, high ionic 
strength.   On the other hand, thin filaments (diameter ≈ 1 – 10 nm (86-88)) tend to be 
formed under conditions where there is a relatively strong electrostatic repulsion between 
the protein molecules: pH ≠ pI, low ionic strength (2, 12, 78, 89-92).  Recently, it has 
been shown that nano-tubes can be formed by inducing thermal denaturation and 
aggregation of globular proteins under carefully controlled conditions, e.g. pH 7.5 for 1.5 
hours at 50 oC (71). 
2.3.1.1.2   Electrical Characteristics   
An understanding of the electrical properties of globular proteins is particularly 
important for assembling biopolymer particles using electrostatic interactions.  The 
electrical characteristics of a protein mainly depend on the number and type of ionizable 
amino acids along the polypeptide chain.  Protonated amino side groups (-NH3+) 
contribute positive charges below about pH 9, whereas deprotonated carboxylate side 
groups (-CO2-) contribute negative charges above about pH 2 to 4.  Proteins therefore 
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possess an overall positive charge at low pH, a negative charge at high pH, and a point of 
zero charge at an intermediate pH.  The pH of zero net charge is usually referred to as the 
isoelectric point (pI).  Nevertheless, it is important to be aware that the overall net charge 
of a protein molecule is a summation of both positive and negative contributions, and 
there are localized charges on the surface.  Thus, even though the net charge on a protein 
may be negative (or positive), it may still bind negative (or positive) components (such as 
minerals, polysaccharides or surfactants).  Finally, very high (> 9) and low (< 2) pH 
values lead to physical and chemical instability of the protein structure through a 
combination of denaturation and degradation processes.  The isoelectric points of some 
common food-grade proteins are listed in Table 2.1.  Most commonly used globular 
proteins have pI values around 5 (e.g., β-lactoglobulin, α-lactoalbumin, BSA and WPI), 
but some have appreciably higher values (e.g., lactoferin and phosphvitin) (93).  
Knowledge of the pH dependence of the net charge and surface charge distribution of 
different proteins is extremely useful for the rational design of biopolymer particles. 
2.3.1.1.3   Hydrophobic Characteristics 
 The functional attributes of many globular proteins are determined by the number 
of non-polar groups exposed to the surrounding aqueous phase, rather than by the total 
number of non-polar groups along the polypeptide chain.  The non-polar properties of 
globular proteins are therefore usually characterized by their surface hydrophobicity. The 
surface hydrophobicity is important for a number of functional attributes of proteins: (i) it 
impacts their ability to bind small non-polar molecules (such as fatty acids, vitamins, 
flavors or surfactants); (ii) it impacts their ability to adsorb to non-polar surfaces (such as 
oil or air) and therefore stabilize emulsions or foams; (iii) it impacts their ability to 
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associate with other protein molecules to form aggregates or gels.  As mentioned earlier 
the surface hydrophobicity of individual globular proteins tends to increase after they 
become denatured, which therefore affects their ability to bind, absorb or aggregate.  
Many globular protein molecules only have a moderate surface hydrophobicity and 
therefore can be readily dispersed in water (e.g., β-lactoglobulin, α-lactalbumin, BSA), 
whereas others are so hydrophobic that they are insoluble in water, but soluble in organic 
solvents (such as zein).   
2.3.1.1.4   Physical Interactions   
A globular protein molecule may interact with a variety of other molecules in its 
neighborhood, including other proteins, solvent molecules, cosolvent molecules, 
surfactants, phospholipids, polysaccharides, sugars and minerals (94-97).  The most 
important physical forces involved in these interactions are van der Waals, hydrogen 
bonding, hydrophobic bonding, and electrostatic interactions (see below).  These physical 
interactions can often be controlled to create different kinds of structural entities.  It is 
therefore important to be aware of the various types of physical interactions that a 
particular protein molecule can be involved in, and the factors that impact them, when 
selecting a protein to create a particular type of biopolymer particle. 
2.3.1.1.5   Chemical Reactivity   
Globular proteins may participate in various types of chemical reactions that 
induce changes in their molecular and functional attributes.  A recent review of many of 
the most important of these chemical reactions can be found in the literature (98).  In 
brief, these chemical reactions include disulfide, dehydration, phenolic oxidation, 
Maillard, and transglutaminase reactions.  Oxidation and transglutaminase reactions are 
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catalyzed largely by enzymes, and will be discussed later (section 2.5.2).  Dehydration of 
protein residues to form cross-links is accomplished by a combination of alkali and 
thermal treatment, although widespread utilization of these reactions in the food industry 
is decreasing due to concerns about potential adverse health effects (98). 
Disulfide interchange occurs naturally during thermal denaturation of many 
globular proteins.  High temperatures expose the cysteine and cystine residues and 
provide thermal energy for the transitions (80).  Partial deprotonation of the free cysteine 
group is a prerequisite for disulfide interchange, so it tends to occur more rapidly at high 
pH values (67, 78), but some disulfide interactions also occur at low pH (78, 99).  
Disulfide interchange may occur within a single protein molecule, or between different 
protein molecules.   
Maillard reactions involve the formation of a covalent link between aldehyde and 
amine groups (100).  These linkages are formed by a series of imido- and redox reactions, 
which are favored at higher pH values.  For common protein and sugar products, the 
ultimate products are a huge array of aryl composites and Strecker degradation products.  
These reactions have been used to create glycoproteins, such as conjugates of β-
lactoglobulin and dextran, which have different functional attributes to the parent protein 
molecule (101, 102).  These glycoproteins may be used as building blocks to form 
biopolymer particles with particular functional attributes.  
2.3.1.2 Polysaccharides 
Polysaccharides are polymers of monosaccharides, which may be neutral, anionic 
or cationic (59).  The type, number, sequence and bonding of the monosaccharides along 
the polymer chain determine the unique molecular properties and functional attributes of 
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different kinds of polysaccharides.  These biopolymers are generally derived from plants 
(e.g. pectins, starch, gum arabic), algae (e.g. carrageenan and alginates), or bacteria (e.g. 
xanthan).  Different polysaccharides vary in their molecular weights, conformations, 
branching, electrical characteristics, flexibility, and hydrophobicity, which lead to 
differences in their physicochemical and functional properties (e.g., solubility, binding 
properties, viscosity enhancement, gelation, and surface activity).   
The ability of polysaccharides to interact and form gels has necessary 
implications for particle formation.  An excellent review on gelling natural polymers has 
been performed by Williams (93).  He classifies four major categories:  formation upon 
cooling (e.g. Carrageenan), upon heating (e.g. methyl cellulose), with ions (e.g. alginate), 
and upon retrogradation (e.g. amylopectin).   
2.3.1.2.1   Molecular Conformation 
The molecular characteristics of specific polysaccharide types are not as clearly 
defined as specific protein types, which is a result of their different functional roles in 
nature.  Consequently, the chemical composition, molecular weight, and electrical 
characteristics of the polysaccharides within a food ingredient are often highly 
polydisperse, and may vary considerably from supplier-to-supplier and from batch-to-
batch.  In addition, there may be large variations in the type and quantity of impurities 
present within a polysaccharide ingredient depending on its natural origin and the 
processing methods used to extract and treat it, such as mineral ions, sugars, acids and 
bases.    It is therefore important when using polysaccharide ingredients to construct 
biopolymer particles to have sufficient knowledge of their composition and molecular 
characteristics (103).  This usually involves utilizing a range of analytical methods to 
 31 
 
determine ingredient composition, as well as the structural characteristics of the 
polysaccharides present (104).  Discussion on polysaccharide structure and analytical 
techniques in relation to their molecular characteristics and physical properties goes well 
beyond the scope of this paper.  For information on these topics, the reader is encouraged 
to seek other books (58, 105) and reviews (59, 106).  If polysaccharides are going to be 
used to fabricate biopolymer particles for use in the food industry, then the manufacturer 
must decide whether to use more costly, highly purified and well-defined ingredients, or 
to use cheaper, but more variable and inconsistent ingredients (e.g., from plant or fruit 
sources).   
Despite the inherent variation in the properties of polysaccharide ingredients, 
particular types of polysaccharides do have characteristic features that can be used to 
distinguish them, such as typical monosaccharide compositions, molecular weight ranges, 
branching and electrical charge characteristics.  A list of the molecular properties of some 
common food-grade polysaccharides is shown in Table 2.2.   
Polysaccharides often exist in solution as either random coil or helical structures.  
Rotation of the glycosidic bonds linking monosaccharides in carbohydrates is much less 
flexible than rotation of the amide bonds linking peptides in proteins, thus making linear 
structuring much more common in polysaccharides than proteins.  The electrical charge 
of ionic polysaccharides also limits chain flexibility through internal charge repulsions.  
Many polysaccharides have regions that adopt rigid helical structures that optimize the 
formation of intra-chain hydrogen bonds between the monosaccharide subunits.  This 
type of polysaccharide can be characterized by a thermal transition temperature (Tm), 
which is the temperature where the molecule undergoes a helix-to-coil transition upon 
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heating.  The presence of helical structures is often a prerequisite for the formation of 
inter-molecular junction zones responsible for polysaccharide aggregation and gelation.  
These junction zones may consist of two or more helices from different molecules held 
together by strong hydrogen bonds (as in agar), or they may consist of two similarly 
charged helices held together by oppositely charged counter-ions (as in potassium-
carrageenan, calcium-pectin or calcium-alginate gels).  The presence of cosolvents (such 
as sugars, glycerol or sorbitol) may cause appreciable changes in the thermal transition 
temperatures and gel strengths of polysaccharides due to preferential interaction effects. 
Proteins only have linear backbones, whereas polysaccharides may have either 
linear or branched backbones depending on their origin and processing.  The frequency, 
location, length and composition of branches have a major impact on the functional 
attributes of many polysaccharides, such as their water solubility, viscosity enhancement, 
gelation behavior and water holding capacity.  Branches result from glycosidic bonds at 
the C-6 or C-2 of hexoses.  A common example of a branched ionic polysaccharide is 
pectin.  It has been proposed that the pectin molecule consists of side-chains of L-
arabinose, D-galactose, and D-xylose attached to rhamnogalactan blocks along the pectin 
backbone, which comprise the “hairy regions” (93).  Knowledge of the length, location 
and charge on polysaccharide branches is useful for the rational construction of 
biopolymer particles.  For example, whether a polysaccharide is linear or branched will 
determine its ability to form complexes with other molecules.   
2.3.1.2.2   Electrical Charge Characteristics. 
Polysaccharide molecules may be anionic, cationic or non-ionic depending on the 
nature of the monosaccharide subunits they contain, and the prevailing environmental 
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conditions (particularly pH).  The most common anionic side groups on polysaccharides 
are carboxylates (-CO2-, pKa ≈ ) and sulfates (-SO4-, pKa ≈), while the most common 
cationic groups are aminos (-NH3+, pKa ≈ ).   For instance, pectins derive their negative 
charge from carboxylate groups, which can be neutralized by acidification or methyl 
esterification (107), whereas carrageenans and agars derive their negative charges from 
sulfate groups (56, 57).  Chitosan is unusual since it is one of the few positively charged 
polysaccharides available for forming biopolymer particles.  This has meant that it has 
been widely used in the food and pharmaceutical research to form biopolymer particles, 
but at present it does not have GRAS status in the United States.  Many ionic 
polysaccharide ingredients used in the food industry can be purchased with different 
charge densities.  The negative charge density on pectin molecules depends on their 
degree of methoxylation: the higher the methoxylation, the lower the charge density.  
Hence, low methoxy (LM) pectin has a higher charge density than high methoxy (HM) 
pectin.  The degree of methoxylation can be controlled using processing operations such 
as chemical treatments (strong acids or bases) and enzyme treatments (which can produce 
random or blocky distributions of charged groups) (108).  The negative charge density on 
carrageenan molecules depend on their origin, with the charge density increasing in the 
following order: κ < ι < λ (56).  The positive charge density of chitosan molecules 
depends on the degree of deacetlyation (DDA) of chitin, and varies by the chitin source 
and the alkali treatment (109, 110).  Of course, the overall charge on polysaccharide 
molecules also depends on the pH of the solution relative to the pKa values of the 
ionizable groups.  Knowledge of the charge density of polysaccharides is particularly 
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important when designing and fabricating functional biopolymer particles based on 
electrostatic interactions. 
2.3.1.2.3 Hydrophobic Characteristics 
Most polysaccharides used in the food industry have a relatively low 
hydrophobicity because they are primarily composed of polar monosaccharides.  
Nevertheless, some polysaccharides do have an appreciable non-polar character, either 
because of the unique conformation or because they have some non-polar groups attached 
to their backbone.  Maltodextrin and starch molecules are capable of binding 
hydrophobic fatty acids and surfactants because they can form helical structures that just 
have the correct size for the non-polar tails to fit inside.  Some modified starches (e.g., 
with octenyl succinate anhydride) and celluloses (e.g., HPMC) have non-polar tails 
covalently attached to the naturally polar polysaccharide backbone.  These 
polysaccharides are therefore amphiphilic and so can be used to stabilize food emulsions.  
Some polysaccharides have non-polar side groups that give them some hydrophobic 
character, such as high methoxy pectin.   
2.3.1.2.4   Physical Interactions 
For neutral polysaccharides, such as starch, the primary physical interactions are 
hydrogen bonding and van der Waals interactions.  These polysaccharide molecules form 
hydrogen bonds with the surrounding water molecules when they are dispersed in 
solution, but they may also form intra- or inter-molecular hydrogen bonds with polar 
functional groups on polysaccharide molecules, especially when helical structures are 
formed.  The formation of junction zones between helices on different polysaccharides is 
important for aggregation and gelation of many biopolymers.  For ionic polysaccharides, 
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such as alginate, agar, carrageenan, pectin and xanthan, the most important physical 
interactions are electrostatic, hydrogen bonding and van der Waals interactions.  
Electrostatic interactions are particularly important for the assembly of many type of 
complexes and biopolymer particles between proteins and ionic polysaccharides, such as 
coacervation and multilayer formation.  Hydrophobic interactions are important for 
polysaccharides that have some non-polar character, such as hydrophobically modified 
starches and celluloses.     
2.3.1.2.5   Chemical Reactivity  
Polysaccharides may be involved in a variety of different kinds of chemical 
reaction, which can be used to modify their molecular properties and functional 
performance.  Polysaccharides can be conjugated with certain acids, phenolics and 
proteins through specific chemical reactions.  As mentioned earlier, Maillard reactions 
can be used to link proteins to polysaccharides to form glycoproteins.  Glycoproteins also 
occur naturally, such as gum arabic, citrus pectin, and beet pectin (111-114).  Protein 
fractions are believed to contribute towards pronounced surface activity (115, 116).  
Conjugation of polysaccharides with acidic molecules is also common.  In nature, 
chitosan is amidated with acetate (117).  Industrially, cellulose or starch can be 
conjugated with acetate, pyruvate or carboxylic acids (118).  Finally, natural conjugates 
with phenolic residues have been proposed to offer health benefits (119), antioxidant 
properties, and mechanisms for oxidative cross-linking (120).  As an example, sugar beet 
pectin possesses conjugates of ferulic acid, a phenolic side-chain (121).  These side 
groups can be covalently cross-linked using the enzyme Laccase.  Beyond natural 
conjugation, there are numerous techniques available on the chemical modification of 
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polysaccharides through addition of ethers, esters, alcohols, or radical side chains to 
impart either solubility or gel-properties, which go well beyond the scope of this review 
(57).   
2.3.2 The Cement: Physicochemical Interactions 
Biopolymer molecules interact with each other and with other molecules through 
a variety of physical and chemical bonds.  The sign, magnitude, strength and direction of 
these forces can often be modulated by changes in environmental conditions or solution 
composition, such as pH, ionic strength, temperature and solvent type.  These forces are 
responsible for holding biopolymer particles together, and determine the way a 
biopolymer particle will respond in different environments and solutions, e.g., whether it 
will stay intact, swell, shrink, erode or disintegrate.  Understanding the nature of these 
forces and the factors that impact them is therefore essential for the rational design of 
functional biopolymer particles.  Many of the important molecular and colloidal 
interactions involved can be modeled using theoretical or semi-empirical equations (122-
124).  
2.3.2.1  Electrostatic Interactions 
Biopolymers used in food applications possess varying degrees of electrical 
charge and polarity, including non-polar, polar, anionic, cationic and amphoteric (124, 
125).  Many biopolymers have functional groups that may be ionized depending on their 
molecular environment, e.g., pH and solvent properties.  The electrical charge on cationic 
(e.g. chitosan) or anionic (e.g. pectin, alginate, and carrageenan) polysaccharides depends 
on the solution pH relative to the pKa values of their ionizable groups.   The net electrical 
charge on proteins varies from positive, to neutral, to negative as the pH is increased 
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from below to above their isoelectric points (pI).  Nevertheless, it should be stressed that 
the electrically charge distribution on protein surfaces is heterogeneous, with varying 
amounts of negative and positive regions.  Thus, a globular protein that has a net negative 
charge may have substantial patches of positive charge on its surface, which has 
important implications for its ability to self-assemble and to interact with other molecules 
(126).  The relative distribution of charges on a biopolymer molecule may also be altered 
by changes in its three-dimensional conformation, e.g., the charge groups are further 
apart in a random coil conformation than in a globular conformation.  The charge status 
of functional groups may also depend on their specific local environments (e.g., dielectric 
constant), and may therefore be changed by biopolymer conformational changes (e.g., the 
movement of a group from within the hydrophobic core of a globular protein to its 
hydrophilic surface upon thermal denaturation) or solvent changes (e.g., addition of an 
organic solvent to an aqueous protein solution).  Food scientists may therefore 
manipulate changes in pH, ionic composition, solvent composition, and biopolymer 
conformation to control electrostatic interactions, and thereby control the assembly of 
biopolymer particles.  The major features of electrostatic interactions involving 
biopolymer molecules are listed below: 
 
− Sign, Magnitude and Range of Interactions. Electrostatic interactions may be 
either attractive or repulsive depending on the electrical charge on the species 
involved.  Similarly charged species will repel each other, whereas differently 
charged species will be attracted to each other. The magnitude of electrostatic 
interactions may vary from strong to weak depending on the charge 
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characteristics of the interacting species, and the properties of the solution 
separating them (e.g., ionic strength and dielectric constant).  The charge 
characteristics of biopolymer molecules are determined by the number of charged 
groups present, their sign and valancy, and their relative spatial distribution.  The 
electrical properties can be characterized by the linear charge density for linear 
polymers (i.e., the charge per unit length) or the surface charge density for 
globular or colloidal polymers (i.e., the charge per unit surface area).  The 
magnitude of an electrostatic interaction increases as the charge density increases.  
The properties of the solution separating the charged species play an important 
role in determining the magnitude and range of electrostatic interactions.  
Counter-ions or dipolar molecules can screen electrostatic interactions, therefore 
the magnitude and range of electrostatic interactions decreases as the ionic 
strength or dielectric constant of a solution increases.  The range of electrostatic 
interactions is usually characterized by the Debye screening length (κ-1).  For 
aqueous solutions at room temperatures, κ-1 ≈ 0.304/√I nm, where I is the ionic 
strength expressed in moles per liter (124).  As an example, for ionic strengths of 
1, 10, 100 and 1000 mM, the Debye screening length is 9.6, 3, 0.96 and 0.3 nm, 
respectively.  Thus, electrostatic interactions are typically quite short range in 
food products that contain significant amounts of salts. 
− Impact of Environmental and Solution Conditions.  The pH, ionic strength, 
temperature and solvent type have an important impact on electrostatic 
interactions.  The pH of a solution relative to the pI or pKa groups of the ionizable 
groups on proteins and polysaccharides will determine the magnitude and sign of 
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the electrostatic interactions.  Increasing the ionic strength of a solution will 
decrease the magnitude and range of electrostatic interactions through the 
screening effect mentioned above.  A multivalent ionic species may act as an 
ionic bridge between two similarly charged species, e.g., A-C-A or C-A-C, where 
A and C represent anions and cations, respectively.    Ion bridges are important in 
many biopolymer systems, e.g., cationic calcium ions link anionic phosphate 
groups in casein micelles, cationic calcium ions link anionic carboxylic acid 
groups in alginate, pectin and carrageenan, and anionic tripolyphosphate (TPP) 
links amino groups in cationic chitosan.   Decreasing the dielectric constant of a 
solvent (e.g., adding alcohol to water) will increase the strength of electrostatic 
interactions.  Electrostatic interactions can be modulated by the charge and ionic 
makeup of solution, represented by the Debye screening length.  Equations 
describing electrostatic interactions show the importance of charge and dielectric 
constant, while the effect of temperature is negligible over the temperature ranges 
typical found in the food industry (-100 to 200 ºC) (127).  Nevertheless, if 
temperature causes a change in the conformation, and therefore charge 
distribution, of a biopolymer molecule, then temperature changes may be 
important.  
 
2.3.2.2 Hydrogen Bonding 
Hydrogen bonding determines the conformation, interactions and functionality of 
many types of biopolymer molecule.  Hydrogen bonds manifest themselves as attractive 
forces between an electronegative atom and a hydrogen atom that is covalently bonded to 
 40 
 
another electronegative atom, such as oxygen, sulfur or nitrogen, e.g. O-Hδ+...Oδ-.  They 
may be formed between atoms on individual biopolymer molecules, or between atoms on 
different biopolymer molecules.  Hydrogel bonds play a major role in stabilizing 
intramolecular structuring in many proteins and polysaccharides (e.g. helices, β-sheets), 
as well as in the formation of junction zones between different biopolymer molecules 
(e.g., in gelatin, cellulose, starch) (124). The major features of hydrogen bonds are listed 
below: 
 
− Sign, Magnitude and Range of Interactions. Individual hydrogen bonds are short-
range, relatively weak, attractive interactions.  A concerted interaction involving 
many different hydrogen bonds is typically required to hold intra- or inter- 
molecular structures together, e.g., helices, sheets or junction zones. 
− Impact of Environmental and Solution Conditions.  Typically, pH and ionic 
strength do not have a direct impact on hydrogen bonding because this type of 
interaction does not involve ionized species.  Nevertheless, hydrogen bonds may 
form if solution conditions such as pH and ionic strength are adjusted so that polar 
groups can come into close contact.  Hydrogen bonds are weakened as the 
temperature is increased, because the thermal energy of the molecular species 
involved is increased.  Hydrogen bonds may also be weakened by changing the 
solvent surrounding the molecular species involved, e.g., from water that can 
form strong hydrogen bonds to an organic solvent that cannot.       
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2.3.2.3 Hydrophobic Interactions 
Hydrophobic interactions manifest themselves as attractive forces acting between 
non-polar groups in water.  Their molecular origin is actually due to the fact that the 
attraction between a water molecule and a non-polar group is much weaker than that 
between two water molecules, because non-polar groups are incapable of forming 
hydrogen bonds.  For this reason, when a non-polar group is introduced into water, the 
water molecules surrounding it change their orientation so that they can maximize the 
number of hydrogen bonds formed with neighboring water molecules.  The increased 
organization of the water molecules reduces the entropy of the system (which is 
thermodynamically unfavorable) but increases the interaction enthalpy of the system 
(which is thermodynamically favorable).  Hydrophobic interactions play a major role in 
determining the conformation, interactions and functionality of many biopolymer 
molecules.  For example: (i) they cause many proteins to fold into globular structures to 
minimize the unfavorable contact between non-polar groups and water; (ii) they cause 
many amphiphilic biopolymers to absorb to oil-water or air-water interfaces; (iii) they 
favor aggregation of globular proteins when they are heated above their thermal 
denaturation temperature and expose non-polar groups at their surface; (iv) they promote 
binding of small non-polar molecules to hydrophobic pockets on biopolymer surfaces 
(such as globular proteins or starch helices).  The major features of hydrophobic 
interactions are listed below: 
 
− Sign, Magnitude and Range of Interactions. Hydrophobic interactions are medium 
range, relatively strong, attractive interactions.   
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− Impact of Environmental and Solution Conditions.  Like hydrogen bonds, pH and 
ionic strength do not have a direct impact on hydrophobic interactions because the 
do not involve ionized species.  Nevertheless, hydrophobic interactions may form 
if solution conditions such as pH and ionic strength are adjusted so that non-polar 
groups can come into close contact.  Hydrophobic interactions are typically 
strengthened as the temperature is increased, because the entropic contribution to 
the interaction is increased.  Hydrophobic interactions may also be weakened by 
changing the solvent surrounding the molecular species involved, e.g., from water 
that promotes strong hydrophobic interactions to an organic solvent that does not. 
     
2.3.2.4  Excluded Volume Effects 
Usually referred to as either an “excluded volume” effect or a “steric exclusion” 
effect this type of interactive force is the result of a competition for available volume 
within a system.  Different food components may not be able to share close proximities 
because of shape, conformation, or charge effects, which causes a reduction in the 
configurational entropy of the system.  This effect is exacerbated when either the molar 
volumes or concentrations of the molecular species involved increases.  Above a critical 
concentration, there is an osmotic driving force that favors phase separation of the 
different kinds of molecular species involved.  This type of thermodynamic 
incompatibility is the driving force for the segregative phase separation observed in many 
biopolymer mixtures, as well as the depletion flocculation that is sometimes observed 
when biopolymers are added to emulsions. The major features of excluded volume 
effects are listed below: 
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− Sign, Magnitude and Range of Interactions. Excluded volume interactions 
manifest themselves as an attraction between similar biopolymer molecules in 
solution, i.e., they favor the congregation of similar biopolymer molecules into 
the same volume.  By analogy to depletion interactions, the range of excluded 
volume interactions can be considered to be on the order of the radius of gyration 
of the molecules involved.  The magnitude of these interactions increases from 
weak to strong as the molar concentration of the excluded molecular species 
increases. 
− Impact of Environmental and Solution Conditions.  Solution pH, ionic strength, or 
solvent type does not have a major direct effect on this type of interaction since it 
is mainly driven by the excluded volume region and the molar concentrations.  
Excluded volume interactions would be expected to increase with temperature 
because they are mainly entropy-driven, however studies with thermodynamically 
incompatible biopolymer mixtures did not find a large effect of temperature on 
phase separation (128).  Nevertheless, solution or environmental conditions that 
change the volume occupied by the molecular species involved may have a major 
impact on this type of interaction.  Thus, if conditions such as pH, ionic strength, 
temperature or solvent type are changed so that the conformation of the 
biopolymer molecule is either increased or decreased, then the tendency for phase 
separation to occur will either increase or decrease, respectively.  For example, 
increasing the ionic strength of the solution surrounding a charged biopolymer 
will reduce the intra-molecular electrostatic repulsion between similarly charged 
groups, which may cause it to shrink in volume.   
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2.3.2.5 Covalent Interactions 
Biopolymers typically have a specific chemical structure in their natural 
environment, but this structure may be altered during their isolation, purification, 
processing, or utilization.  Specific changes in the covalent bonding of biopolymers can 
be encouraged to change their molecular characteristics (e.g., charge, molecular weight, 
hydrophobicity, chemical reactivity) and therefore their functional properties (e.g., self-
association, gelling mechanism, water holding capacity, surface activity, and binding 
interactions).  Common covalent modifications of biopolymers involve 
oxidation/reduction, esterification/amidation, or Maillard reactions.  These reactions can 
be initiated using specific enzymes, chemicals or physical treatments (dehydration, 
temperature, pressure).  For example, Maillard reactions can be used to produce 
functional protein-polysaccharide conjugates by heating proteins and polysaccharides 
together under controlled conditions, e.g., pH, relative humidity, holding temperature and 
holding time (100).  Disulfide bonds may form between sulfhydrl groups exposed upon 
thermal denaturation of globular proteins, which holds the resulting protein aggregates 
together (67).  Non-polar side groups have been covalently attached to starches, 
celluloses and other biopolymers to make them surface active (129, 130).  Proteins have 
been covalently cross-linked using the commercially available enzyme transglutaminase, 
which is useful for forming structured and textured products (131).   
2.4 Biopolymer Particle Formation Methods 
In general, one can categorize biopolymer particle formation methods as either 
physicochemical methods or processing operation methods.  The former rely principally 
on the utilization of physical forces (such as hydrogen bonds, electrostatic interactions, or 
 45 
 
steric exclusion effects) to direct the formation of biopolymer particles, whereas the latter 
rely principally on the utilization of specific processing operations (such as spraying, 
extrusion, homogenization, and evaporation).  In practice, most biopolymer formation 
methods rely on a combination of both different approaches. 
2.4.1 Physicochemical Methods 
Under certain conditions many biopolymer solutions will separate into two or 
more phases, with each phase having a different biopolymer composition (132).  These 
biopolymer solutions may contain either a single type of biopolymer, or they may contain 
a mixture of different types of biopolymers.  The driving force for phase separation may 
be either attractive (associative) or repulsion (segregative) interactions between the 
biopolymers involved (133).  When the driving force for phase separation is repulsive, 
then the resulting systems are referred to as thermodynamically incompatible systems.  
On the other hand, when the driving force for phase separation is attractive, then the 
resulting systems are referred to as thermodynamically compatible systems.  Once a 
system has phase separated into two or more phases, then it can be sheared or extruded to 
form a system consisting of one aqueous phase dispersed in the other aqueous phase in 
the form of spheroid particles (Figure 2.4).  This kind of system is often referred to as a 
water-in-water (W1/W2) emulsion by analogy to oil-in-water (O/W) emulsions, which 
consist of oil droplets dispersed in an aqueous phase.  Biopolymer particles can then be 
formed by gelling the internal aqueous phase using an appropriate method for the 
biopolymers involved, e.g., adding calcium ions for an alginate or pectin rich phase (see 
below).  In the following sections we briefly describe the physicochemical basis of phase 
separation for segregative and aggregative systems. 
  
 
Figure 2.4: Illustrated depiction of th
dispersions into smaller spherical droplets.
 
2.4.1.1 Segregative Systems
Consider a binary biopolymer mixture where there is no attractive interaction 
between the two biopolymers.   At sufficiently low biopolymer concentrations the system 
forms a single phase consisting of an intimate mixture of the two biopolymers.  However, 
at higher biopolymer concentrations the system exists as a two
phase having a different biopolymer composition.  If the system is left long enough the 
biopolymer phase with the higher density will form a separate layer at the bottom 
container, whereas the biopolymer phase with the lower density will form another layer at 
the top of the container.  The upper phase is rich in one kind of biopolymer and depleted 
in the other kind of biopolymer, whereas the opposite is true of the 
behavior of thermodynamically incompatible biopolymer mixtures can be conveniently 
represented using phase diagrams.  These phase diagrams can be used to describe the 
number of phases existing in a biopolymer solution of a particular comp
relative volumes of the different phases present, and the biopolymer composition of each 
of the phases.  For a mixed biopolymer system, a phase diagram consists of an x
with the concentration of one of the biopolymers as the x
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the other biopolymer as the y-axis.  The boundary between one-phase and two-phase 
regions in the phase diagram is then described using a binodal line: a one-phase system 
forms at biopolymer concentrations below the binodal line, while a two phase system 
forms at biopolymer concentrations above the bimodal line.   The volume fraction and 
compositions of the upper and lower phases can be determined from the phase diagram 
by using tie-lines, which are lines drawn from one point on a binodal line to another 
point.  In the two-phase region, biopolymer mixtures close to the binodal-line separate 
via nucleation and growth mechanisms (134), while those further away separate via 
spinodal decomposition (8).  It has been shown that mathematical models can be used to 
qualitatively relate the phase diagrams of biopolymer mixtures to their molecular 
characteristics (135, 136).  These models are useful for identifying those molecular 
features of proteins and polysaccharides that will optimize the formation of two-phase 
systems that can be used to create biopolymer particles.   
The most useful regions for forming biopolymer particles would appear to be 
those in which phase separation occurs by a nucleation and growth mechanism.  It has 
been shown that the type of W/W emulsion formed in the two-phase region depends on 
the relative volume fractions of the two biopolymer phases: W1 and W2.  A W1/W2 
emulsion tends to be formed when the W2 phase is in excess, whereas a W2/W1 emulsion 
is formed when the W1 phase is in excess.  When the two phases have similar volume 
fractions the mixed biopolymer system tends to form a bicontinuous structure consisting 
of interconnecting regions of each biopolymer.  These emulsion types are analogous to 
the O/W and W/O emulsions formed with oil and water when either water or oil is in 
excess. Interestingly, there currently appears to be no analogy to an emulsifier in W/W 
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emulsions, i.e., a surface-active substance that absorbs to the boundary between the two 
phases and prevents it from coalescing.   
The morphology of the mixed biopolymer solution during phase separation is 
determined by the magnitude of the driving force for phase separation and the rheological 
properties of the two phases (7).  The morphology of the phase-separated system may 
change appreciably over time or after application of mechanical forces (such as shearing), 
which has important consequences for the formation of biopolymer particles with specific 
properties.  Initially, a W/W emulsion containing relatively small water droplets may be 
formed, but these may coalesce with other water droplets, leading to the formation of 
larger droplets, and eventually complete phase separation.  At biopolymer compositions 
where phase separation occurs through a spinodal decomposition mechanism, the system 
tends to rapidly separate into small inter-dispersed networks of one phase distributed 
throughout the other phase.  On the other hand, at biopolymer compositions where phase 
separation occurs through a nucleation and growth mechanism, the system tends to form 
a W/W emulsion consisting of larger spheroids that are highly prone to coalescence.  To 
utilize these network differences, further separation must be arrested by a solidification or 
gelation procedure (as will be discussed later).  In these cases, the shapes of the separated 
phases are defined by the biopolymer that gels first, regardless of the concentration or 
cause of gelation (7).  The rate of gelation may be accelerated in incompatible separations 
because the biopolymers in each phase are more concentrated (137).  Gelation may be 
induced using a variety of methods depending on the nature of the biopolymer phase that 
makes up the particles, such as temperature alterations, solvent changes, or addition of 
cross-linking agents (see below).  As with other particulate-creation methods, application 
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of shear to biphasic systems prior to gelation induces elongation of spheroid shapes and 
produces irregular shapes (46).  Utilization of controlled shear conditions for creation of 
particular morphologies will be discussed further below. 
Knowledge of the phase diagram of a biopolymer mixture is useful to select the 
most appropriate biopolymer types, solution composition, and preparation conditions 
required to rationally design and fabricate biopolymer particles with specific functional 
characteristics.  The phase diagram of a mixed biopolymer solution depends on the 
molecular characteristics of the biopolymer molecules involved (e.g., their molecular 
weight, electrical charge, hydrophobicity and conformation), as well as the prevailing 
environmental conditions (e.g., temperature, pH, ionic strength and solvent quality).  
Phase separation only occurs at relatively high total biopolymer concentrations for mixed 
systems containing polysaccharides and native globular proteins because of the relatively 
small size of the protein molecules.  One of the major driving forces for phase separation 
in thermodynamically incompatible mixed biopolymer systems is the excluded volume 
effect.  This physicochemical origin of this driving force is analogous to the depletion 
effect observed in oil-in-water emulsions containing non-absorbed biopolymers, i.e., the 
steric exclusion of biopolymers (7, 138, 139).  A wide variety of protein-polysaccharide 
pairs have been shown to be exhibit this type of phase separation (140-142).   
A variety of analytical techniques are needed to characterize the phase behavior, 
morphology, and properties of thermodynamically incompatible mixed biopolymer 
systems.  A phase separated biopolymer mixture tends to separate into an upper phase 
and a lower phase due to the density difference between the two different biopolymer 
phases.  This process may occur naturally due to gravity, but complete phase separation 
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may take a considerable time if the external biopolymer phase has a sufficiently high 
viscosity or even gel-like characteristics.  In these situations, applying centrifugal forces 
to the biopolymer mixture can accelerate phase separation.  Once the biopolymer mixture 
has been completely separated into an upper and lower layer, each layer can be isolated 
and its composition measured using standard analytical techniques such as chemical, 
gravimetric, spectroscopic or chromatrographic methods (143-146).  The bulk 
physicochemical properties of the each biopolymer phase can also be measured, such as 
its refractive index, density and rheology (141, 147).  This information may be important 
for designing biopolymer particles with particular functional attributes (see above). The 
morphology of the biopolymer mixture can be measured during phase separation or after 
application of shear forces using scattering and microscopy techniques, such as small 
angle light scattering (148), rheo-optical microscopy (149), or confocal fluorescence 
microscopy (150).  The driving force for phase separation can be characterized in terms 
of the interfacial energy at the boundary between the two biopolymer phases, e.g., via 
spinning drop tensiometry (151-153). 
Ultimately, one would like to be able to control the composition, physicochemical 
properties, size, and shape of the biopolymer particles formed.  Previous studies indicate 
this can be achieved by selecting an appropriate initial pair of biopolymers and solution 
conditions, as well as understanding the type of structures formed in different regions of 
the phase diagram.   
2.4.1.2 Aggregative Systems 
Aggregative systems are those in which there tends to be an attractive interaction 
between the biopolymer molecules, which causes them to aggregate with each other.  
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Aggregation may occur between similar biopolymer molecules (self-association) or 
between different types of biopolymer molecules.  The nature of the aggregates formed 
depends on the type and concentration of biopolymer molecules present in solution, as 
well as prevailing environmental conditions (such as temperature, solvent type, pH and 
ionic strength).  Knowledge of the physicochemical mechanisms that drive aggregation 
can often be used to rationally control the characteristics of the biopolymer particles 
formed using this method. 
2.4.1.2.1 Single Biopolymer Systems 
Biopolymer particles can sometimes be formed from aqueous solutions containing 
a single biopolymer type by promoting self-association of the biopolymer molecules.  
This approach involves altering the solution conditions so that biopolymer-biopolymer 
interactions are favored over biopolymer-solvent interactions.  The specific method used 
to promote this kind of self-association of the biopolymer molecules depends on their 
precise molecular characteristics.  For example, heating globular protein solutions above 
their thermal denaturation temperature under conditions where there is a relatively weak 
attraction between the protein molecules may lead to the formation of protein nano- or 
micro- biopolymer particles.  The size of these biopolymer particles can be controlled by 
altering the initial biopolymer concentration, holding temperature, holding time, pH 
and/or ionic strength.  Biopolymer particles can also be formed by changing the quality 
of the solvent surrounding the biopolymer molecules in solution, e.g., by adding alcohol 
to an aqueous biopolymer solution.  The biopolymer molecules will tend to 
spontaneously self-associate once some critical alcohol content has been exceeded, 
leading to the formation of biopolymer aggregates.  Biopolymer particles can also be 
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formed by adding a cross-linking agent to an aqueous solution with a biopolymer 
concentration below the threshold level required to form a macroscopic gel i.e., c < c*.  
These cross-linking agents may be chemicals (such as gluteraldehyde or formaldehyde), 
enzymes (such as transglutaminase or laccase), or mineral ions (such as potassium, 
calcium, or tripolyphosphate).  Finally, the temperature of the biopolymer solution may 
be either increased or decreased to promote biopolymer-biopolymer interactions.  As 
mentioned above, globular proteins tend to self-associate when they are heated above 
their thermal denaturation temperature due to the increase in hydrophobicity when they 
unfold.  Some types of modified cellulose will also self-associate upon heating, which 
has been attributed to an increase in the strength of the hydrophobic attraction between 
them.  Other biopolymers, such as gelatin, alginate and carrageenan, may self-associate 
when they are cooled below their thermal transition temperature due to helix formation 
and aggregation.  At present, there is still a relatively poor understanding of how to 
control solution conditions so that biopolymer particles with well-defined characteristics 
can be formed using many of these methods. 
2.4.1.2.2 Mixed Biopolymer Systems: Electrostatic Complexes  
Different kinds of biopolymers may associate with each other through a variety of 
interactions, including electrostatic, hydrophobic and hydrogen bonding.  Nevertheless, 
the most common form of complexation used to form biopolymer particles is the 
attractive association between oppositely charged biopolymer molecules.  The size and 
charge of the electrostatic complexes formed depends on the precise experimental 
variables used in their preparation, such as biopolymer types, biopolymer concentrations, 
pH, and ionic strength (154).  Knowledge of the physicochemical basis for complex 
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formation is therefore paramount for the rational fabrication of biopolymer particles with 
specific functional properties. 
Electrostatic complexes can be formed directly be mixing a cationic biopolymer 
solution with an anionic biopolymer solution.  However, it is often difficult to control the 
nature of the complexes formed using this direct approach.  Instead, it is common for two 
biopolymers (usually a protein and a polysaccharide) to be mixed together at a pH where 
they have similar charge signs (either both positive or both negative), and then to adjust 
the solution to a pH where they have opposite charges so that complexation is promoted.  
For anionic polysaccharides (such as pectin), complex formation is achieved by mixing 
the two biopolymers at a pH above the protein’s isoelectric point (pI) where the protein 
and polysaccharide are both negative, and then adjusting the pH to around or below the 
pI.  Conversely, for cationic polysaccharides, complex formation is achieved by mixing 
the biopolymers at a pH below the pI of the proteins where the protein and 
polysaccharide are both positive, and then adjusting the pH to around or above the pI.   
A number of different types of biopolymer particles can be formed based on 
electrostatic complexation of a single biopolymer pair depending on solution conditions.  
Consider the events that occur when a mixed biopolymer solution containing an anionic 
polysaccharide and a globular protein is adjusted from a pH above to below the protein’s 
pI (Figure 2.2). The charge on the protein molecule will go from highly negative to 
highly positive as the pH is decreased from above to below the pI, whereas the negative 
charge on the anionic polysaccharide molecules will remain relatively constant until the 
pKa value of its charged groups is reached when it will start to decrease (Figure 2.2).  A 
number of different pH regions can be distinguished: 
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(i) No complexation (pH >> pI).  Initially, both the protein and polysaccharide 
molecules have a sufficiently strong negative charge that the electrostatic 
repulsion between them prevents them from coming close enough to 
associate. 
(ii) Soluble complexes (pHc < pH < pHs).  When the pH is reduced below a 
critical value, which we refer to as pHs, then the protein and polysaccharide 
weakly associate with each other to form soluble complexes.  These 
complexes are relatively small and so they do not scatter light strongly, 
leading to a transparent or slightly turbid solution.  The complexes are 
prevented from aggregating with one another because of their relatively high 
net charge.  Soluble complexes often form above the pI of the protein, even 
though both the protein and polysaccharide have a net negative charge, 
because of the presence of positive patches on the protein’s surface to which 
the anionic polysaccharide can bind (8, 155).  Soluble complexes are highly 
dynamic and reversible structures because of the weak physical interactions 
holding them together.  Consequently, they tend to dissociate when the pH is 
altered or sufficient salt is added to weaken the electrostatic interactions.  
Once formed it is possible to create more permanent structures by inducing 
covalent interactions between the two biopolymers, e.g., using physical, 
chemical or enzymatic methods. 
(iii) Coacervates (pHp < pH < pHc).  Upon further reduction of the pH another 
critical value is reached, which we refer to as pHc, where the protein and 
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polysaccharide associate to form complexes usually referred to as 
coacervates.  These complexes are relatively large (in the 100 to 10,000 nm 
range) and so they scatter light relatively strongly, leading to a highly turbid 
solution.  In addition, they are highly prone to coalescence because they have 
a relatively low net charge and so the electrostatic repulsion between them is 
insufficient to prevent them from merging together.  As a result, biopolymer 
mixtures that form coacervates tend to separate into a two-phase system, with 
a dense lower layer that is rich in both biopolymers (the coacervate phase) 
and a light upper layer that is depleted in both biopolymers (the serum 
phase).  Typically, the coacervate phase is a highly viscous or gel-like 
material that still contains a high amount of solvent (> 70%).  Coacervates 
usually form in a narrow pH range that is below the globular protein’s pI, 
since the protein and polysaccharide molecules then have opposite charges so 
that charge neutralization and bridging may occur.  Coacervates are also 
highly dynamic and reversible structures that tend to fall apart when the pH 
or ionic strength of a solution is altered to weaken the electrostatic 
interactions.  To convert coacervate particles into more permanent structures 
with well-defined sizes and shapes it is usually necessary to cross-link the 
biopolymer molecules within them. 
(iv) Precipitates (pH < pHp). When the electrostatic attraction between the 
protein and polysaccharide molecules is sufficiently strong, then precipitates 
may be formed rather than coacervates.  The biopolymer molecules within 
precipitates are packed much more densely than in coacervates (i.e., there is 
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much less solvent present).  Consequently, they tend to scatter light more 
effectively, and sediment more rapidly. 
(v) No complexation (pH << pKa).  Eventually, the pH may decrease below the 
pKa value of the anionic groups on the polysaccharide molecule so it loses its 
charge and can no longer associate with the protein molecule through 
electrostatic interactions.  This effect is more prevalent with anionic 
polysaccharides with relatively high pKa values (such as pectin, pH 3.5), 
rather than those with lower pKa values (such as carrageenan, pH 2). 
 
The positions of the various critical pH values listed above, as well as the nature 
of the complexes formed in each region, depend on many factors, including: the 
molecular characteristics of the protein and polysaccharide molecules (e.g., charge 
density, molecular weight, conformation and flexibility); the total biopolymer 
concentration; the protein to polysaccharide ratio; and, the solution conditions 
(particularly pH and ionic strength).  Mathematical models have been developed to 
describe the binding interactions of charged polysaccharides with charged proteins (156-
158).  Various analytical methods have been used to obtain information about the 
composition, structure, and properties of the complexes formed (159).  The value of pHs 
is higher for highly charged carrageenans (sulfate groups) than for less charged pectins 
(carboxylate groups), and it deceases with increasing ionic strength due to screening of 
charged interactions.  The pH where soluble complex formation begins is largely 
independent of protein to polysaccharide ratio because it depends on the ability of 
individual globular proteins to bind to particular sites on the polysaccharide backbone 
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(160).  On the other hand, the pH where coacervates form is dependent on the protein to 
polysaccharide ratio, since coacervates tend to form when charge neutralization occurs, 
so a certain number of protein molecules need to be bound per polysaccharide molecule 
for this to occur.  For example, decreases in the protein-to-polysaccharide ratio have been 
shown to decrease pHc (161).   
The fact that a variety of different complexes can be formed based on electrostatic 
attraction between proteins and polysaccharides molecules, means that a variety of 
different biopolymer particles can be created.   Early experiments indicate that 
biopolymer particles can be fabricated from soluble complexes of globular proteins and 
ionic polysaccharides by heating them above the thermal denaturation temperature of the 
proteins (162, 163).  Biopolymer particles can be fabricated once a coacervate phase has 
been formed using a number of approaches.  The coacervate phase can be stirred with the 
serum phase to form a W/W emulsion where the coacervate forms the dispersed phase 
droplets.  As mentioned earlier, the coacervate droplets are highly prone to coalescence 
and the system may quickly separate into an upper layer and a lower layer.  The 
coacervate droplets can be stabilized against aggregation using a suitable method to 
cross-link the biopolymers within them.  In food systems, there are a number of methods 
that can be used to cross-link the biopolymers, such as physical, chemical or enzyme 
methods (see below).  The size and shape of the biopolymer particles produced using this 
method can be manipulated by controlling the coacervate formation and gelation 
conditions.  For example, the biopolymer particle size and shape can be controlled by 
shearing the coacervate dispersion at different rates (164), or by altering the time when a 
cross-linking agent is added (154).  Alternatively a coacervate phase could be collected 
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and then extruded or injected into a cross-linking solution.  The size of the biopolymer 
particles formed will then depend on the injection conditions (e.g., nozzle diameter, 
injection rate, injection volume, stirring conditions). 
The utilization of protein-polysaccharide precipitates as a basis of forming 
biopolymer particles is rarely investigated.  This is probably because it is difficult to 
control the size of the precipitates formed, and they are highly dense so have a tendency 
to sediment.  Nevertheless, this may be an interesting area for future research since they 
may exhibit some useful encapsulation properties.       
2.4.2 Process Operation Methods 
In this section, we focus on methods of biopolymer particle formation that 
primarily rely on the utilization of specific processing operations to form and stabilize the 
particles. 
2.4.2.1  Molding Techniques 
An intuitive method to form particulates of well-defined size and morphology is 
the use of molds or lithographs.  In this case, biopolymer particles are formed by pouring 
a biopolymer solution into a cavity with a specific size and shape, and then allowing it to 
gel.  This method is a small-scale analog of the formation of gelatin gels (jellies) 
routinely carried out in home kitchens.  In the past, the production of micro- or nano-
sized cavities was limited by the available technology.  Nevertheless, developments in 
soft lithography techniques within the past decade now allow the formation of such 
polymer molds from finely tooled metal plates (165).  Molten substrates are trapped 
between these polymer molds and flat polymer plates until the particulate is hardened.  A 
number of different kinds of molding technology have been developed, including replica 
 59 
 
molding, micro-contact printing, micro-transfer molding, capillary micro-molding, and 
solvent-assisted micro-molding (165).   
Classic soft lithographic techniques have used polydimethylsiloxane (PDMS) 
molds, which has functional limitations.  Substrate adhesion to PDMS caused reduced 
uniformity and required a clearing of substrate from the mold.  This has been overcome 
by applying polymeric spacers, such as monolayers of hexa-(ethylene glycol) or bovine 
serum albumin (166).  Also, simple PDMS molds only produce embossed gelled films, 
rather than discrete particles.  In the PRINT method, non-wetting mold materials, such as 
photocurable perfluoropolyether (PFPE), reduce wall-adhesion of hydrophilic substrates 
(167).  Sufficient pressing causes a complete entrapment of molten substrates within the 
formed recesses.  Using PRINT, particles between 200 and 500 nm have been created 
(167).   
To our knowledge, food-grade molding projects have not been attempted 
commercially, possibly due to cost and scale-up issues.  However, some closely-related 
systems have been investigated.  For instance, alginate particles have been made by 
placing a calcium-releasing plate on one side of the mold (168).  Diffusion of the calcium 
ions from the plate caused gelation of alginate within the mold.  Photosensitive 
biopolymers, such as hyaluronic acid, have been similarly created using UV-radiation for 
cross-linking and particulate formation (169).  In theory, a variety of oxidation and 
gelation methods could be combined with PRINT methods to create food-grade 
particulates.  Some interesting work has been done in this direction by Malone and co-
workers (45), who used a variety of molding methods to create biopolymer particles with 
different morphologies and compositions.  
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2.4.2.2 Spray Drying 
Spray drying is a technique wherein atomized suspensions or solutions are 
quickly dried using a heated gas (170).  Atomization can be accomplished using different 
types of nozzles within the spray drier, including those that use centrifugal forces, 
high/differential pressures, or high intensity ultrasound.  The operating temperatures 
within a spray drier are typically between 150 and 300 oC, but the temperature of the 
material within the atomized particles is considerably less because of the latent heat of 
evaporation.  In addition, due to the high surface-to-volume ratio of the atomized 
particles, drying is very quick and minimizes thermal damaging.  Spray drying is capable 
of continuous operation and produces a dry/stable product.  The diameters of the particles 
formed within the dried powder are usually in the micron range.  The characteristics of 
the particles formed in the powder depend on the composition of the initial fluid fed into 
the spray drier, as well as the operating conditions of the spray drier.         
 Spray drying has been widely used within the food industry for the production of 
dry powders from a variety of materials, including proteins, flavor oils, and lipid droplets 
(171-173).  Excellent reviews exist on spray drying of oils for encapsulation (174, 175).  
Reconstitution of dispersed droplets is an important issue for application (174).  For 
many spray-dried capsules, the ultimate purpose is to have the encapsulated material 
released at a controlled rate when the powder is dispersed in a product or comes into 
contact with saliva during oral ingestion.  During the process of wetting, submersion, 
dispersion, and dissolution, the particles are subjected to increasing levels of water.  The 
speed and conditions of these steps are important for proper reconstitution (174).  Also, 
changes could occur during storage (e.g. caking), which make re-dissolution improbable.   
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When spray drying a biopolymer solution containing lipid droplets, one can vary 
the amount of dispersed oil, the quantity of biopolymer, or the heating conditions to form 
different kinds of spray dried particles.  Studies have found that higher oil contents will 
increase the amount of oils in the produced capsules, but leads to a decrease in 
encapsulating efficiency (176).  Another study found that the variety of aromatic oils did 
not have much effect on the entrapped oil content, but it did have an effect on the surface 
oil content (177).  Also, the type of biopolymer could change the particle size and surface 
oil content (177).  
Recently, it has been suggested that biopolymer particles with specific sizes can 
be produced by dispersing the spray-dried powder particles into a solution containing a 
cross-linking agent.  The characteristics of the biopolymer particles formed depend on the 
rate of particle swelling relative to the rate of particle cross-linking.  If swelling occurs 
relatively quickly, then large porous biopolymer particles are formed, but if cross-linking 
occurs relatively quickly then small dense biopolymer particles are formed.  
2.4.2.3 Solvent Desorption 
Solvent desorption refers to a class of encapsulation techniques that utilize the 
solvation properties of polymers.  In this process, the biopolymer and the active 
component to be encapsulated are solubilized in a particular solvent.  Biopolymer particle 
formation is then induced by changing the solvent conditions to promote solvent 
desorption, e.g., by adding incompatible co-solvents, by adding aggregating reagents, or 
by solvent evaporation (178, 179).  A fraction of the active components dispersed within 
the initial solution, become entrapped within the biopolymer particles during solvent 
desorption (178).   
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Solvent desorption falls under many pseudonyms, including nanoprecipitation 
(180-184), interfacial deposition/solvent displacement (179, 185, 186), salting-out (178), 
simple coacervation (187, 188), and emulsification-diffusion (178, 189, 190).  Each of 
these mechanisms involves promoting desorption of the solvent from the polymer to 
induce polymer aggregation.  This causes a collapse of the polymer, entrapping within 
them certain compounds of interest.  Depending on the polymer and the method of 
insolvency, entrapment efficiency can vary.  Differences in these listed pseudonyms arise 
from polymer polarity, use of salts, speed of solvent addition, and removal of solvent 
(e.g. evaporation).   
Solvation of biopolymers can be followed using free energy equations.  The free 
energy of solvation is related to the Flory-Huggins parameter, X12 (191).  X12 is a 
representation of the free energy between lattice segments and is affected by solvent 
properties.  Good solvent dilutes the polymers and reduces the value of this parameter, 
while poor solvents increase X12 above the critical level required for aggregation (192).  
Directly above this critical level, solvent desorption occurs.  Solvent requirements for 
solvent desorption are large (188) and may be difficult to incorporate in practical food 
applications.  However, it may be possible to instigate solvent desorption with less 
solvent by lowering the temperature, which theoretically increases X12 (191).      
Charged biopolymers can be desolvated into particulates through the use of 
alcohols and salts.  Nanoparticles of BSA (193) or gelatin (188) were made with the 
addition of ethanol.  Gelatin can also be desolvated by certain salt solutions (194).  
Chitosan particles have been formed by subjecting aqueous solutions to sodium 
hydroxide and methanol (195).  Even casein might be used for desolvation, as it is 
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aggregated in the presence of ethanol and cationic solutions (196, 197).  Among these 
charged biopolymers, desolvation is related to polymer solubility, so pH and temperature 
are key factors (188, 194).       
Fibrous and less polar biopolymers might be desolvated through the use of 
aqueous solutions.  Gliadin, a wheat protein, is soluble in ethanol, yet precipitates in 
water.  Desolvation is generally performed by introducing large quantities of aqueous 
solution and other polar cosolvents (198) or salts (187, 199) to an ethanol-dispersion.  
Particle size of these particles can be optimized using salts and surfactants (181).  Such 
gliadin particles (diam. ~500nm) were capable of encapsulating retinoic acid for up to 40 
days (181).  Similar alcohol-soluble biopolymer materials, such as celluloses, could 
theoretically be created using this methodology.  In a parallel work, cellulose has been 
formed into particulates by promoting its precipitation using acetone and water (200).   
Along phase interfaces, such as emulsion droplets, solvent desorption can be 
utilized to precipitate polymers onto the interfacial layer.  A study investigating 
precipitation onto an interface found that the size of emulsion droplets was dependent 
upon diffusion of the desolvated polymer (201).  Reduced affinity of the polymer for the 
droplet induces larger adsorbed layers by forming more loosely packed structures (202), 
despite the reduction in driving force.  
2.4.2.4 Extrusion Methods 
Gel structure is devised of biopolymer networks that restrict free aqueous 
diffusion, forming a quasi-solid state.  Interactions that form these networks can be 
grouped into two main constructive categories: physical and chemical (93, 203).  Physical 
gels are held together by hydrogen bonding, hydrophobic, and divalent ion cross-linking 
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(see section 5.1), while chemical gels are covalently bonded via inherent (e.g. disulfides) 
or added substances (see section 5.2).  Gel properties depend strongly on biopolymer 
conformation and interaction sites.  For instance, linear polymers tend to have more open, 
porous structures, while particulate aggregates form highly compact agglomerate 
structures (204).  Points of contact determine the gel’s fractal dimension, which 
determine properties such as fracture stress and water holding capacity.   
Gel systems may be valuable as delayed-release agents and texture modifiers.  
Production of hydrogels or gel micro-capsules as nutraceutical carriers has been well 
reviewed (1).  There are now reliable methods for tracking the diffusion of various 
components in a gel, such as water (205, 206), aroma/lipophilic volatiles (45, 207, 208), 
and nutraceuticals (209).  By comparing diffusion rates, a food chemist can tailor his/her 
particles towards specific release characteristics.  Texture, which is a factor of various 
tactile attributes (210), can also be controlled through the use of gelled systems (2).  
Hydrogel structures have been used as fat mimetics (40, 191) or meat analogues (191).   
While gels may be composed of either protein or polysaccharide, combinations of 
these biopolymers may add unique properties.  These diverse combinations have been 
well reviewed (211) and are well beyond the scope of this review.  Often, the 
incorporation of polysaccharides into protein-based gels adds a synergistic benefit.  For 
many neutral and like-charged polysaccharides, an incompatible interaction with the 
protein induces added protein agglomeration (212, 213).  The polysaccharide then 
viscosifies the incompatible interpenetrating phase.  On the other hand, associative 
interactions can also contribute to gel formation through bridging junctions (214).   
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The most common gelled microbead is an alginate system.  Alginate forms a 
physical gel in the presence of calcium (section 5.2), so alginate droplets are gelled by 
exposure to a calcium solution.  Droplets may be formed through molding (168), 
extrusion (215-217) or as an internal emulsion phase (218, 219).  Alginate microbeads 
can also be formed around or within other biopolymer networks.  For instance, alginate 
formed an interspersed gel with bovine serum albumin (220) and was also used to form a 
capsule around existing protein particles such as whey protein (221) and gelatin (222).  
Further coating of such negatively charged microbeads may be accomplished with 
positively charged biopolymers, such as chitosan, (223).   
Microbeads, such as the alginate system, have shown great promise as 
microencapsulation devices for pharmaceutical drugs (224-226) and probiotics (227).  It 
is an easily controlled and inexpensive encapsulation methodology.  Also, it has shown 
promising storage and release characteristics.  Since it can be formed by continuous 
extrusion methods (217), it is highly viable for industrial production.     
Materials other than alginate can be utilized in the creation of microbeads.  The 
major hurdle is controlling the extent of aggregation and gelation to create stable particles 
without mass-aggregation.  One possibility is denatured whey proteins, which can be 
gelled quickly by the addition of calcium, especially at an interface (228).   Thermally 
induced gelation methods are also possible with certain aggregating hydrophobic 
biopolymers (e.g. ovalbumin).  Aggregation in these conditions might be limited through 
the careful selection of pH (229), salt (230), and interacting polymers, which will be 
discussed below.       
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2.4.2.5 Emulsion-templating Methods 
Biopolymer particles with well-defined sizes can be produced using emulsion-
templating methods (Figure 2.5).  In this method, an aqueous biopolymer solution is 
homogenized with an oil phase containing an oil-soluble emulsifier to form a water-in-oil 
emulsion (W/O).  The size of the water droplets produced can be controlled by varying 
either the homogenization conditions (e.g., homogenization time and intensity, 
temperature) or system composition (e.g., oil-to-water ratio, oil type, and emulsifier 
concentration).  The biopolymers within the water droplets can then be gelled using a 
number of methods, including heating, cooling, mineral addition, pH changes, and 
enzyme addition.  The gelation method used depends on the nature of the biopolymers.  
For example, globular proteins can be gelled by heating them above their thermal 
denaturation temperature (231).   Cold-setting biopolymers can be gelled by cooling them 
below their thermal transition temperature.  Alternatively, ionic biopolymers can be 
gelled by incorporating an oppositely charged mineral ion into the system.  This might be 
done by mixing a W/O emulsion containing the biopolymer (e.g., alginate) with a W/O 
emulsion containing the mineral ion (e.g., calcium).  Some biopolymers will aggregate 
when the pH is changed (e.g., chitosan or casein), and so their gelation can be induced by 
adding an acid or base.  Once the particles have been gelled they can be separated from 
the oil phase by filtration or centrifugation, and then washed using an organic solvent to 
remove any residual oil.  The resulting biopolymer particles can then be dispersed in an 
aqueous solution or dried.   
  
Figure 2.5: Illustrated depiction of microparticle formation via gelation in an emulsion
template system 
 
2.4.3 Shaping Particles through Shear
The application of shear forces before or during biopolymer gelation can be used 
to modulate the size and shape of biopolymer particles.  Shear forces are capable of 
breaking up dispersed droplets into smaller sizes, or of causing spheroid particles to 
become increasingly elongated.   On the other hand, biopolymer association processes 
can sometimes be halted or limited by applying sufficient stirring.  Shearing also 
influences the rate that gelling agents can be incorporated into biopolymer solutions or 
W/O emulsions.  
For biopolymer particles created using the aggregative phase separation approach 
it has been found that smaller coacervate particles can be formed by using higher stirring 
speeds (232).  Biopolymer particles with controllable sizes were produced using a 
combination of controlled shear forces and cross
shearing rate used was too high, the biopolymer particles began to flocculate.  The 
particle size produced in a coacervate system has been related to the localized 
“microeddies” produced during stirring 
shear forces induced by turbulent flow, which depend on the Reynold’s number, the 
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-linking techniques.  However, when the 
(233).  These microeddies are zones of lower 
 
-
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vessel, and the stirrer.  The shape of the biopolymer particles also depends on the 
application of shear forces: as the stirring speed is increased, the coacervate particles may 
become more elongated (46). 
For biopolymer particles created using the segregative phase separation approach 
it has also been found that the particle size and shape can be controlled using shear forces 
(234).  At low shear, spherical droplets were obtained, while elongated fibrils formed at 
higher shear (235).  Gelation of the internal aqueous phase locks in this morphology to 
create stable biopolymer particles.  The extent of biopolymer particle deformation is 
related to the viscosity of the solution, the shear rate, the particle diameter, and the 
interfacial tension (148).   
Microfluidics is a relatively new technique that utilizes high shear and precisely 
shaped microchannels to create uniform droplets (236-238).  Microchannels are often 
created using lithographic techniques to obtain nanoscale diameters.  During operation, 
dispersed phase flow creates pressure at the tapered ends of the channels and forces the 
solution into a specific droplet shapes.  Droplets can be expelled into a bulk carrier 
solution or alongside carrier solution from a parallel microchannel.  Utilization of co-
eluting parallel streams allows for a purely mechanical atomization effect, giving droplet 
sizes in the tens of microns (239).  By selecting the appropriate stabilization method (as 
discussed below), the morphology and shape of the droplet can be retained (236, 237, 
240).  Often, microspheres are on the micron-scale (241).  The great advantage of 
microfluidics is the production of highly reproducible droplet sizes (242) and the 
capability of producing multiple phase layers (242, 243). 
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2.5 Cross-linking Biopolymer Particles 
In many situations the initial biopolymer particles formed are not physically 
stable and are highly prone to coalescence and phase separation, e.g., when using 
aggregative or segregative methods.  Consequently, it is necessary to cross-link the 
biopolymers within the particles in order to increase their stability.  Cross-linking can be 
carried out using various physical, chemical and enzymatic approaches depending on the 
specific characteristics of the biopolymers involved. 
2.5.1 Physical Cross-linking 
Physical cross-linking refers to any process of polymer-polymer interaction that 
adds stability without covalent bonding.  This includes ionic cross-linking, hydrogen 
bonding, hydrophobic bonding and others.  These methods may be used for the induction 
of gelation processes among already-formed discrete biopolymer particles.   
2.5.1.1 Temperature 
Temperature changes may either strengthen or weaken the interactions holding 
biopolymer molecules together, depending on the nature of the dominant forces involved.  
Typically, hydrophobic forces are strengthened with increasing temperature, hydrogen 
bonding is weakened, and entropy effects are increased (see section 2).  Therefore, 
hydrophobic driven association tends to increase with heating (heat-set gelation), whereas 
hydrogen bonding driven association tends to increase with cooling (cold-set gelation) 
(5).  The changes in biopolymer association with temperature may be either reversible or 
irreversible, which may be important for their functional application.  In the following 
sections we will discuss how temperature changes can be used to cross-link various kinds 
of biopolymer particles.   
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Heat-set gelation is widely used to cross-link globular proteins, such as many 
milk, soy and egg proteins.  The majority of non-polar amino acids are buried within the 
interior of native globular proteins so as to minimize the hydrophobic effect (47).  The 
application of thermal energy promotes globular protein unfolding so that hydrophobic 
residues are exposed to the aqueous environment (89).  Consequently there is an increase 
in the hydrophobic attraction between the protein molecules, which may be sufficiently 
strong to promote protein aggregation (12, 77).  Once globular protein molecules have 
been brought into close proximity through hydrophobic association, they may be further 
held together by formation of covalent linkages, such as disulfide linkages in β-
lactoglobulin (75, 78, 230).  Heat-set gelation of globular proteins tends to be 
irreversible, i.e., once the aggregates are formed at higher temperatures they remain intact 
when the system is cooled below the thermal denaturation temperature. 
Heat-set gelation may also be used to cross-link polysaccharides with some 
hydrophobic character, such as methyl cellulose (244).  Methyl cellulose is soluble in 
aqueous solutions at relatively low temperatures, but tends to aggregate when the 
temperature is increased above about 40 oC, which has been attributed to an increase in 
the hydrophobic attraction (244, 245).  This type of heat-set gelation tends to be 
reversible, i.e., once the system is cooled below the thermal aggregation temperature the 
molecules tend to dissociate.   
Cold-set gelation systems are typically stable at relatively low temperatures, but 
tend to dissociate when they are heated above a critical temperature.  This type of 
gelation mechanism governs biopolymers whose association depends on the formation of 
helical structures, since helices unfold at higher temperatures.  Upon subsequent cooling 
 71 
 
new hydrogen bonds form, which may not be the same as those in the initial system, thus 
leading to changes in particle characteristics.  Gelatin (194, 246) and carrageenan (56, 
247) are two biopolymers that undergo cold-set gelation.   
Globular proteins can also be induced to form cold-set gels.  In this case, a 
globular protein solution is heated under conditions where the protein molecules unfold 
and form linear filaments, but macroscopic gelation does not occur.  This protein solution 
can then be made to gel at ambient temperatures by altering the solution conditions to 
reduce the electrostatic repulsion between the filaments, e.g., by adjusting the pH close to 
the pI or by increasing the ionic strength (73, 248, 249).  Globular proteins such as β-
lactoglobulin, BSA and soy proteins can form cold-set gels (73).   
Among mixed biopolymer systems that segregate, decreased temperatures can be 
utilized to favor separation, which in turn increases biopolymer interaction within the 
dispersed phase (250).  Increased biopolymer interactions within these excluded volumes 
result into gel-like matrices.  Subsequent heat-treatment may be utilized to further 
solidify these compact phases into particulates.  Uniquely shaped particulates were 
created in this fashion using gelatin, gellan, alginate, and carrageenan (235).     
Salt incorporation can have important effects on thermal aggregation by reduction 
in the effective biopolymer charge (see section 2.1).  As the ionic strength of solution 
increases, hydrophobic forces progressively dominate to induce aggregation.  For 
instance, methyl cellulose aggregation occurs at lower temperatures with increasing ionic 
strength (244).  Also, low levels of salts are required for gelation of carrageenan systems, 
as some sulfate repulsions must be overcome for full association (56).  In aggregation of 
β-lactoglobulin, the extent of thermal aggregation varies depending on the concentration 
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of added salts (73).  This ionic strength effect is more apparent farther away from the 
protein’s isoelectric point (230).  Generally, salt increases aggregation where electrostatic 
repulsion has more dominant stabilizing roles (i.e. pH ≠ pI  or pKa).   
Effects of pH are important during thermal aggregation, especially among 
proteins.  As mentioned, disulfide interactions dominate at higher pH while hydrophobic 
interactions become more important closer to the pI, leading to the formation of more 
linear/fibrillar aggregates or particulate aggregates, respectively.  Between neutral pH and 
the pI, a mix of disulfide linkages and hydrophobic aggregation during heating may 
create useful particulate structures.  Small suspended particulates have been formed in 
this manner using whey proteins (249) and β-lactoglobulin (251).  These particulates 
could be covered with a complexing polysaccharide layer, which showed good stability 
(229).   
Addition of interacting components may also limit the extent of thermal 
aggregation.  Certain proteins, such as κ-casein (252) and soy (253), interacted with whey 
proteins upon heating and prevented much further aggregation.  They could accomplish 
this by forming disulfide cross-links, thereby terminating further interaction.  
Polysaccharides are also known to associate with proteins (section 4.1.2) and alter their 
denaturation profiles (see section 3.2.7).  Protein aggregation does seem to be limited 
during heating when complexed with a polysaccharide.  For instance, complexes of 
ovalbumin and chitosan heated to 80 oC at pH 5.45 formed defined particulates with high 
pH stability (162).  Similar results were found for complexes of β-lactoglobulin/chitosan 
(163) and β-lactoglobulin/sugar beet pectin heated at pH 5.0 (254).  Stability of these 
particles to pH changes has been improved by immersion in medium ionic strengths 
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(255).  Little work has been done on thermal treatment of coacervates, although 
indications are that insolubility may limit analytical methods (256).  
2.5.1.2 Mineral Ions and pH 
Changes in pH and addition of mineral ions may be used to promote biopolymer 
association through alterations in electrostatic interactions.  As discussed above, 
electrostatic interactions between oppositely charged biopolymers are used to assemble 
biopolymer particles in associative systems.  The charge on proteins can be made to 
change from positive to negative by adjusting the pH from above to below their 
isoelectric point.  Hence, the tendency for aggregation to occur can be controlled by 
controlling solution pH. 
  The propensity for biopolymers to associate with each other in solution depends 
on the balance of attractive and repulsive forces acting between them.  Association tends 
to occur when the attractive forces dominate the repulsive forces.  In many systems 
containing charged biopolymers, the biopolymer molecules are prevented from 
aggregating because they have similar charges and there is an electrostatic repulsion 
acting between them.  The addition of oppositely charged ions to the system can promote 
biopolymer association by screening the electrostatic interactions, or by acting as a salt 
bridge.  For example, calcium ions (Ca2+) are frequently used to cross-link anionic 
polysaccharides such as pectins, alginates or carrageenans (93).  Potassium ions (K+) are 
used to cross-link anionic carrageenans through the formation of an “egg-box” structure 
(93).  Mineral ion addition may be used to cross-link biopolymer particles in various 
ways (5).  The most common approach is to extrude the biopolymer particles into a salt 
bath using micro-channels.  An alternative method is to utilize slow-releasing salt devices 
 74 
 
to initiate cross-linking only after biopolymer particles have been formed by phase 
separation.  An example of such an approach is the addition of calcium carbonate salts, 
which slowly release calcium ions upon acidification.  Other slow-release devices include 
diffusion setting systems, such as osmotic filters or W/O/W emulsions (5). 
2.5.1.3 De-solvation/Drying 
Hardening methods can be employed to reduce solvency of the particulates to a 
varying degree.  Two methods that generally follow this pattern are use of cosolvents and 
drying.  Co-solvents’ main effect is to alter the solvent characteristics, generally through 
the dielectric constant.  Co-solvents, such as ethanol, were discussed previously (section 
4.2.3).  To review, solvents with reduced dielectric constant can screen repulsive 
electrostatic interactions between hydrophilic proteins.  Sufficient screening of these 
interactions leads to a resultant attraction between polymer chains.  Drying can be 
performed through spray drying (section 4.2.2) or other methods (e.g. freeze drying).  
These methods seek to remove all solvent quickly, leaving an intact dry particulate.  The 
speed and flow are important factors in reducing particle aggregation or destruction.     
Some desolvation methods have been compared on a coacervate encapsulation 
system (257).  Techniques involved were spray-drying, ethanol addition, and cross-
linking by dehydroascorbic acid.  Spray drying was shown to create the smallest 
particles, yet gave less oxidiation protection and encapsulation efficiency.     
2.5.2 Chemical Cross-linking 
Chemical cross-linking refers to the introduction of a covalent linkage between 
polymer functional groups.  There are numerous ways to achieve such a linkage, although 
many limitations exist for food chemists.  For instance, chemical agents may act as a 
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bridge between similar or dissimilar amino acids (258).  They may also be used to 
directly bond two amino acids together.  Functional groups capable of chemical bonds 
include amines, thiols, hydroxyl groups, and phenyl rings.   
2.5.2.1 Interesterification 
Under certain conditions, esters and amides are capable of undergoing 
interchange reactions in aqueous solutions.  Hence, certain carboxylate containing-
compounds may interact with amines or hydroxyls to create cross-linking bridges.  A 
practical example of this technique is Genipin, a bridging compound that utilizes 
amidation.   
Genipin is a naturally occurring heterocyclic compound derived from Genipa 
americana.  Primary amine groups located on biopolymers attack at either the α- or β-
carbon of the Genipin ester (259).  While attachment at the α-carbon forms a simple 
amide linkage, attack at the β-carbon causes ring cleavage and further cross-linking 
capability.  Examples of biopolymers that have been cross-linked using Genipin include 
chitosan, BSA, soy protein, and gelatin (260).  Diffusion (261) and concentration (262) of 
genipin are both factors in the rate and extent of cross-linking.  Reaction kinetics increase 
with increasing amine content and accessible conformational structures of biopolymer 
substrates (260).  Genipin’s major drawback is the production of blue pigments via free-
radical polymerization of amines in the presence of oxygen.  On the plus side, genipin is 
considered to be less cytotoxic than other cross-linking agents, such as glutaraldehyde 
(263).   
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2.5.2.2 Maillard Reaction and Aldehydes 
Maillard reactions chemically link aldehydes and amines among food products 
through a well-established oxidation-reduction pathway (100).  Linkages are caused by a 
series of imido- and redox reactions, which are favored at higher pH values.  For 
common protein and sugar products, the ultimate products are a wide array of aryl 
composites and Strecker degradation products, providing both desirable flavor 
components and undesirable side-products.  Polysaccharides, lacking adequate reducing 
ends, are generally incapable of significant cross-linking.  Dextran and whey protein have 
been conjugated, however (101, 102), through the free reducing ends by dry-heating for 
prolonged periods.  These Maillard conjugates can find use as improved emulsifiers or 
gelling components.  Another useful application of Maillard reactions is to cross-link 
protein components with mono- and di-saccharides to create novel structures (264).  The 
Maillard reaction could also be used to cross-link proteins and polysaccharides within the 
biopolymer particles formed by spray drying or freeze drying.  After preparation of the 
biopolymer particles by drying, the system can then be subjected to dry heating to 
promote the Maillard reaction. 
Aldehydes, such as glutaraldehyde and formaldehyde, can be used to chemically 
cross-link protein particulate systems.  These highly reactive aldehydes may form a 
variety of compounds, such as acetals, cyanohydrins, and oximes, with common 
functional groups (265).  This reactivity extends to most biological materials, inducing 
either cell death (cytotoxic) or mutagenesis (carcinogenic).  Unfortunately, even 
incorporation of 3 ppm was found to induce cytotoxic effects to human fibroblasts (266).  
Formaldehyde and glutaraldehyde, although not food-grade, are used as processing aids 
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in the cross-linking of coacervate particles (11, 267-269).  Few food-grade alternatives 
are being sought to replace these highly effective, yet potentially toxic, compounds.   
2.5.2.3 Enzymatic Methods 
Enzymes can be utilized to catalyze specific cross-linking reactions involving 
biopolymer particles in food-grade systems.  They are particularly useful in applications 
where alternative methods might cause damage to some encapsulated component.  For 
instance, sulfhydryl or phenolic residues can be oxidatively cross-linked using high levels 
of gaseous oxygen (270), but this would be deleterious to high value lipids or phenolics.  
The use of specific enzymes avoids such damages.  Also, amide cross-links, difficult to 
control using general chemical means, may be formed with high specificity by enzymes.   
Transglutaminase has been widely used to cross-link various types of proteins in 
foods, and an excellent review on its applications can be found in the literature (131).  
This enzyme functions by a non-oxidative transamidation between glutamine and lysine, 
whether intra- or inter-molecularly.  Transglutaminase is commonly produced from 
bacterial sources (271), although they are found in nearly all living organisms.  
Transglutaminase has been used to produce cross-linked protein films from gelatin (272), 
egg-white (273), gluten (274), soybean, and whey proteins (275).  Cross-linking has also 
been performed at the monomeric scale to produce thermally resistant components (276).  
The extent of cross-linking can be controlled by changes in pH, enzyme inhibitors, or 
heating (131).   
Laccase is a copper-containing oxidase obtained from fungal sources, and its 
characteristics and capabilities have recently been reviewed (277, 278).  Laccase 
functions by cross-linking phenoxyl-containing polymers through oxidation of phenol to 
 78 
 
a benzylperoxy- intermediate in the presence of dispersed oxygen.  It has been found to 
oxidize the amino acids tryptophan, cysteine, and tyrosine within food proteins (279, 
280).  Laccase is a large enzyme (MW ~70,000), and has limited access to tightly 
grouped polymeric structures, such as core residues within globular proteins.   
Laccase, along with other peroxidases, can be used to cross-link ferulic acids in 
food biopolymers.  Ferulic acid is a hydroxycinnamic acid found in various plant 
materials with possible health benefits (119).  Dimers, and possibly trimers, can be 
formed through the enzymatic actions of peroxidases or laccases on ferulic acid side-
chains (120, 278, 281).  Ferulic acid cross-linking occurs naturally within sugar beet 
pectin pulp and maize brans (121), as plant matter contains oxidative enzymes and 
exposure to an oxidative environment.  Numerous studies exist on laccase-induced ferulic 
acid cross-linking in the formation of strong gels (282-284).  Recent work has also 
demonstrated the successful use of this cross-linking combination with a multi-layer β-
lactoglobulin-sugar-beet-pectin emulsion (285).  Despite these promising results, 
industrial application might prove challenging.  Ferulic acid esterification is believed to 
be irregular (119), and the action of the oxidase enzyme is rate-limiting.   
 
2.6 Conclusions 
Particulate systems can be prepared from common food biopolymers, such as 
proteins and polysaccharides, using a variety of techniques.  At present, our 
understanding of how to create biopolymer particles with specific functional attributes is 
still rather limited, and a better understanding of structure-function relationships is 
required.  Identification of the most appropriate ingredients and conditions required to 
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create a desirable particulate requires knowledge of the molecular and functional 
characteristics of the biopolymers used, as well as of the physicochemical mechanisms 
underlying particle formation and cross-linking.  Limitations exist in the food industry 
concerning the biopolymer types, physicochemical mechanisms, and processing 
operations that can be economically utilized.   
Future studies on particulate systems in food products should be focused on both 
novel techniques and refining of current methods.  Many of the techniques that have been 
developed for particulate creation in other industries (such as pharmaceuticals) are 
currently unsuitable for use in the food systems, either due to non-food-grade materials or 
high operational costs.  Most likely, new techniques can be developed based on existing 
knowledge of biopolymer interactions and structures.  Even currently accepted 
techniques can be retuned for the creation of smaller, more reproducible particulate 
structures.  Future successes in food particulate structures will require knowledge of 
physical forces and a creative assembly of available techniques.     
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CHAPTER 3 
3 FORMATION OF BIOPOLYMER PARTICLES BY THERMAL 
TREATMENT OF β-LACTOGLOBULIN-PECTIN COMPLEXES 
 
3.1 Abstract 
The purpose of this study was to prepare and characterize biopolymer particles 
based on thermal treatment of protein-polysaccharide electrostatic complexes formed 
from a globular protein (β-lactoglobulin) and an anionic polysaccharide (beet pectin).  
Initially, the optimum pH and pectin concentration for forming protein-polysaccharide 
complexes were established by mixing 0.5 wt% β-lactoglobulin solutions with beet pectin 
(0 to 0.5 wt%) at different pH values (3 to 7).  Biopolymer complexes in the sub-micron 
size range (d = 100 to 300 nm) were formed at pH 5.0 and 0.1 wt% pectin.  These 
particles were then subjected to a thermal treatment (30 to 90 ºC at 1 ºC per minute).  The 
presence of pectin increased the thermal aggregation temperature of the protein, although 
aggregate formation was still observed when the protein-polysaccharide systems were 
heated above about 70 ºC.   The impact of pH (3 to 7) on the properties of heat-treated 
biopolymer particles (80 ºC, 15 min, pH 5) was then established.  The biopolymer 
particles were stable to aggregation over a range of pH values, which increased as the 
amount of pectin was increased.   The biopolymer particles prepared in this study may be 
useful for encapsulation and delivery of bioactive food components, or as substitutes for 
lipid droplets. 
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3.2 Introduction 
There are a number of potential applications for particles constructed from edible 
biopolymers (such as proteins and polysaccharides) in food, cosmetic, health care and 
pharmaceutical products.  These particles could be used to encapsulate, protect and 
deliver bioactive or functional components, such as minerals, peptides, proteins, 
enzymes, drugs, lipids or dietary fibers (286-290). The incorporation of proteins or 
polysaccharides into biopolymer particles may also be useful for controlling the rate or 
extent of their digestibility in the human digestive system (289, 291, 292).  Finally, edible 
biopolymer particles could be used to mimic the properties of lipid droplets in some fatty 
foods (e.g., their ability to scatter light, increase viscosity and provide mouthfeel), and so 
be useful as fat replacers (39, 293-295).   
Biopolymer particles can be constructed from proteins and polysaccharides using 
phase-separated mixed biopolymer systems (20, 296-302).  Information on these systems 
and relevant biopolymers has been covered in the literature review (Chapter 2).   
In the present study, we intend to assemble biopolymer particles based on an 
amphoteric globular protein (β-lactoglobulin) and an anionic polysaccharide (beet pectin) 
by utilizing a combination of two different physicochemical phenomena: (i) formation of 
electrostatic protein-polysaccharide complexes; (ii) thermal treatment of the resulting 
complexes to promote globular protein unfolding and cross-linking.  We hypothesize that 
heat-treated complexes will have different physicochemical properties than untreated 
complexes.  In particular, we postulate that they will be more stable to changes in 
environmental conditions, such as pH, than untreated complexes because of the increased 
attraction between the thermally denatured globular proteins.   
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The possibility of forming biopolymer particles based on heat treatment of 
protein/polysaccharide complexes has previously been demonstrated for both anionic 
(e.g., alginate and pectin) and cationic (e.g., chitosan) polysaccharides with various 
globular proteins (e.g., β-lactoglobulin, ovalbumin and BSA) (191, 303-306).  These 
studies have shown that biopolymer particles could be produced by heating the protein-
polysaccharide complexes under conditions where there was an electrostatic attraction 
between the two biopolymers.  Protein-chitosan particles were found to have good 
stability to subsequent alterations in the pH of the surrounding aqueous phase (304). 
Specifically, this article focuses on complexes between β-lactoglobulin and sugar 
beet pectin.  Sugar beet pectin is sourced from sugar beets and contains a more diverse 
mineral and organic composition  (307, 308).  It also possesses significant amounts of 
attached proteins and ferulic acid, which allows oxidative linking through laccase 
enzymes.  Complexation between β-lactoglobulin and pectin has been attributed to a 
combination of electrostatic and hydrophobic interactions, depending on the degree of 
methyl esterification (126, 309, 310).   
 
3.3 Materials and Methods 
3.3.1 Materials 
Purified β-lactoglobulin powder (Lot# JE003-3-922) was kindly donated by 
Davisco Foods International (BioPURE Betalactoglobulin, Eden Prairie, MN).  The 
reported composition (expressed as dry weight percent unless otherwise indicated) of the 
powder was: 97.4% protein (of which 92.5% was β-lactoglobulin); 2.4% ash; 0.3% fat; < 
0.5% lactose; 4.9% moisture (wet weight).  Beet Pectin (Lot#00604055) was donated by 
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Herbstreith & Fox KG (Pectin BetaPEKT RU301, Neuenburg/Württ, Deutchland).  As 
stated by the manufacturer: degree of esterification (DE) was 56.5%, galacturonic acid 
was 73.2%; methylester content was 6.6%; degree of acetylation was 20.7%; moisture 
content was 8.3%; ash content was 3%; and molecular weight was 45 kDa.  Sodium 
azide, used as a preservative, was purchased from Sigma Chemical Co. (St. Louis, MO).  
Hydrochloric acid solutions were created from a 12.1 N hydrochloric acid solution 
(Fisher Scientific, Fairlawn, NJ).  Sodium hydroxide solutions were created from a 
prepared 1 N sodium hydroxide solution (Sigma Chemical Co., Fairlawn, NJ).  All 
materials were used directly from the sample containers without purification.  All 
solutions were created with double-distilled/de-ionized water, created with a filtration 
unit on-site.   
3.3.2 Biopolymer Solution Preparation 
β-Lactoglobulin and beet pectin powders were weighed and put into separate 
beakers for solubilization.  Prior to solvation, sodium azide was added to the powders as 
a preservative to achieve a final concentration of 0.02% (w/w).  Solutions were then 
prepared by adding double-distilled/de-ionized water and then stirring constantly at 
ambient temperature for 3-5 hours at 65-75 rpm (Corning Stirring Hotplate PC-220, 
Lowell, MA), followed by an over-night soaking period without stirring.  Protein and 
polysaccharide solutions were initially adjusted to pH 7.0 using 1.0 N and 0.1 N sodium 
hydroxide solutions before they were mixed together.  β-Lactoglobulin and pectin 
concentrations are reported as weight percentages (w/w %) based on the initial masses of 
the powders.  A fixed protein concentration of 0.5 w/w % was used in these experiments 
so as to form liquid mixed biopolymer solutions that gave a sufficiently large signal in 
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the light scattering and ζ-potential instruments.  Individual and mixed biopolymer 
solutions were adjusted to pH values below 7.0 using 1.0 N, 0.1 N, and/or 0.01 N 
hydrochloric acid solutions.  Proton activity values were measured using a pH/mV 
measurement unit (UB-10 “Ultrabasic”, Denver Instruments, Denver, CO), calibrated 
daily prior to use.  All solutions were equilibrated at the desired pH for 1-3 minutes 
before sample aliquots were removed.   
A number of biopolymer solutions were selected to test the effect of thermal 
treatment on biopolymer particle formation.  The solutions were poured into glass 
containers, adjusted to a known pH, and then heat-treated by placing them in a 
temperature-controlled water bath at 83 ºC for 15 minutes.  The size of the containers 
used depended on the quantity of sample required: small sample sizes were prepared in 
20 mL test tubes, while large sample sizes were prepared in 125 mL Ehrlenmeyer flasks.  
The samples were unstirred during the heat treatment, and it typically took between 2 min 
(small containers) and 5 min (larger containers) for the center of the containers to reach > 
74 ºC.  Hence, all samples spent at least 10 minutes above the thermal denaturation 
temperature of the globular proteins, which is sufficient for denaturation to occur.  
Following the thermal treatment, solutions were removed from the water bath and 
allowed to cool at ambient temperature.  The solutions were then held at ambient 
temperature for 18-24 hours prior to analysis.        
3.3.3 Heated Complex Creation 
After heating experiments, certain solutions were heated in an 83oC water bath for 
15 minutes at a pre-determined pH value.  These solutions were then adjusted to 
secondary pH values to determine stability of their properties, tested by the means listed 
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below.  Alternatively, solutions were diluted 1:10 prior to secondary pH adjustment to 
better analyze turbidity.  These diluted solutions were tested through particle size and 
zeta-potential, giving extra details on viscosity and particle density effects on the light 
scattering. 
3.3.4 Turbidity Measurements 
The turbidity of biopolymer solutions was analyzed using a UV/visible 
spectrophotometer at 600 nm (Ultraspec 3000 pro, Biochrom Ltd., Cambridge, UK).  
Sample cuvettes were composed of quartz with a cell path length of 1.0 cm.  Sample 
solutions were vortexed for 2-3 seconds prior to insertion and measurement.  Distilled 
water was used as a blank reference.   
Certain biopolymer solutions were tested for turbidity as a function of 
temperature.  These measurements were performed on the same instrument, utilizing a 
temperature control module (Programmable Heated Cell Holder, 80-2106-14, Biochrom 
Ltd., Cambridge, UK) attached to a temperature-control unit (80-2105-49, 30VA, 
Biochrom Ltd., Cambridge, UK).  The sample temperature, heating/cooling rate and data 
recording were handled through computer software (Swift TM© Melting Temp V1.09, 
Data Capture Software V1.02, Biochrom Ltd., Cambridge, UK).  Samples were heated 
from ambient temperature at a rate of 0.8 ºC per minute.   
3.3.5 Particle Size and Charge Measurements 
Particle sizes and charges were determined using a commercial dynamic light 
scattering and micro-electrophoresis device (Nano-ZS, Malvern Instruments, 
Worcestershire, UK).  The particle size data is reported as the Z-average mean diameter, 
while the particle charge data is reported as the ζ-potential.   
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3.3.6 Biopolymer Composition Measurements 
  Heat-treated biopolymer solutions were created at pH 5.0, based on results found 
through in experiments listed above.  Some solutions were adjusted to pH 7.0 after the 
thermal treatment.  Half of the solutions were centrifuged using a Sorvall RC6 Plus 
super-speed centrifuge (Thermo Scientific, Waltham, MA) with a 50-mL capacity F21 
Rotor at 13,000 RPM’s (20,000xG) for 40 minutes (21oC Temp. controlled).  Samples 
were placed in 40-mL screw-capped plastic tubes prior to centrifugation.  Following 
separation, supernatants were decanted carefully into separate glass test tubes using 
transfer pipets. 
Whole solutions and supernatants were analyzed for protein and beet pectin 
composition.  Protein composition was determined using the Lowry assay, as follows:  
0.5 mL of sample was combined with 2.5 mL of Lowry solution C (0.4 mM CuSO4, 1.0 
mM tri-sodium citrate, 185 mM sodium carbonate, 98 mM sodium hydroxide), vortexed, 
and allowed to rest for 10 minutes; 0.25 mL of Lowry solution D (1:1 Folin-Ciocalteau 
Phenol reagent: double-distilled water) was added; solutions were vortexed and allowed 
to rest for 25 minutes; absorbance of solutions was measured at 600 nm in a disposable 
plastic cuvette with a 1 cm path length.  Beet Pectin composition was determined through 
direct absorbance observation at 326 nm using a quartz cuvette with a 1 cm path length.  
Interference of the protein band (~280 nm) was not observed at 326 nm for the 
concentrations analyzed.  Known concentrations of unheated β-Lg and beet pectin were 
used as external reference standards on each day of testing to minimize instrumental and 
chemical errors.   
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3.3.7 Statistical Analysis 
All measurements were performed on at least three freshly prepared samples and 
are reported as means and standard deviations. 
 
3.4 Results & Discussion 
3.4.1 Identification of Suitable pH Conditions for Forming Protein-Polysaccharide 
Complexes 
The objective of these experiments was to identify pH conditions where relatively 
small (d < 500 nm) protein-polysaccharide electrostatic complexes could be formed from 
β-Lg and beet pectin, since these complexes could then be used as the basis for forming 
heat-treated biopolymer particles.  Initially, we measured the turbidity of individual 
(0.5% β-Lg or 0.1% pectin) and mixed (0.5% β-Lg and 0.1% pectin) biopolymer 
solutions as their pH was decreased from pH 7 to 2 (Figure 3.1a).  The turbidity of pectin 
solutions remained close to zero across the entire pH range tested, which indicated that 
pectin did not form aggregates that strongly scattered light.  Pectin is an anionic 
macromolecule across most of this pH range (pKa ≈ 3.5) and so there will be a relatively 
strong electrostatic repulsion between the molecules preventing them from coming into 
close contact and forming large aggregates.  The turbidity of unheated β-Lg solutions was 
close to zero at relatively low (pH 2 – 3.3) and high (pH 5.3 – 7) pH values, but was 
elevated at intermediate pH values (pH 3.3 – 5.3) indicating extensive protein 
aggregation (Figure 3.1a).  The self-association of β-Lg at pH values around its 
isoelectric point (pI ≈ 5) is well-established in the literature (311-313) and can be 
 88 
 
attributed to the relatively weak electrostatic repulsion between the protein molecules 
(312).  
The pH-dependence of the turbidity of pectin/β-Lg mixed solutions was 
considerably different from that of individual β-Lg solutions, indicating that there was a 
molecular interaction between the protein and polysaccharide (Figure 3.1a).  The 
turbidity of the mixed system remained relatively low from pH 7 to 4.9, indicating that 
the presence of pectin reduced the aggregation of the globular protein near its isoelectric 
point (pH 5.3 to 4.9), presumably due to its ability to form a molecular complex that was 
more highly negatively charged than the globular protein alone (126, 191, 314-316).   
The turbidity measurements on the complexes were supported by particle size 
(Figure 3.1b) and ζ-potential (Figure 3.1c) measurements.  The particle size 
measurements indicated that pure protein tended to form large aggregates when the pH 
was reduced below about 5.3, but that the mixed protein-polysaccharide system only 
formed large aggregates when the pH was less than about 4.8 (Figure 3.1b).  The 
measured Z-average diameter of the protein solutions was fairly large (> 100 nm), even at 
pH 6, where one would expect the majority of protein molecules to be present as dimers 
or monomers (< 10 nm).  This suggests that the protein solutions initially contained a few 
large aggregates that dominated the light scattering signal.  The apparent particle size of 
the pectin molecules remained relatively constant at all pH values, indicating that they 
did not undergo extensive changes in their self-association with pH.  The measured Z-
average diameter of the pectin solutions was fairly large (> 500 nm) across the entire pH 
range, which again suggests that the signal measured by the dynamic light scattering 
instrument was probably dominated by scattering from a few large aggregates.  This may 
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account for the fact that the measured size of the mixed solution was less than that of the 
pectin solutions at pH 5.5 to 4.75.  When the protein and polysaccharide molecules 
formed a complex there was a larger number of scattering units to contribute to the 
overall light scattering signal.   
The ζ-potential measurements showed that the charge on the β-lactoglobulin 
molecules in the individual protein solution went from negative at pH 6 to positive at pH 
4, with the point of zero charge being around pH 4.6 (Figure 3.1c).  These results are 
typical of the charge-pH profile of a globular protein near its isoelectric point (126, 317).  
The ζ-potential of the beet pectin molecules in the individual pectin solution was 
negative from pH 6 to pH 4, which can be attributed to the fact that pectin is an anionic 
biopolymer containing carboxyl functional groups (pKa ≈ 3.5).  The net ζ-potential in the 
mixed protein-polysaccharide system was intermediate between that of the individual 
protein and polysaccharide values, and the point of zero charge was < pH 4.  These 
results suggest that the anionic polysaccharide bound to the amphoteric protein molecules 
over this pH range.  The most likely origin of this binding is the electrostatic binding of 
anionic carboxyl groups on the beet pectin to cationic amino groups on the protein 
surface, although hydrophobic interactions between ferulic acid on the beet pectin and 
non-polar patches on the protein are also possible.  These results are in good agreement 
with recent studies of the interaction between β-lactoglobulin and pectin in aqueous 
solutions reported by other workers (318-322). 
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Based on the above experiments, we selected the pH range from 4.5 to 5.5 as 
suitable for the formation of protein-polysaccharide biopolymer particles because 
complexes with different properties could be formed.  For example, at pH 4.5 the 
complexes formed are relatively large, whereas at pH 5.5 they are relatively small (Figure 
3.1c). 
 
 
Figure 3.1a:  pH-Dependence of the physical characteristics of biopolymer solutions 
containing pure β-Lg (0.5 wt%), pure beet pectin (0.1 wt%) or a β-Lg (0.5 wt%)/beet 
pectin (0.1 wt%) mixture.  (a) Turbidity at 600 nm 
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Figure 3.1b/c:  pH-Dependence of the physical characteristics of biopolymer solutions 
containing pure β-Lg (0.5 wt%), pure beet pectin (0.1 wt%) or a β-Lg (0.5 wt%)/beet 
pectin (0.1 wt%) mixture.  (b) Particle Size; (c) ζ-potential. 
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3.4.2 Identification of Suitable Pectin Concentration for Forming Protein-
Polysaccharide Complexes 
The objective of these experiments was to examine the influence of pectin 
concentration on the formation and properties of the protein-polysaccharide complexes.  
Initially, we measured the turbidity of the protein-polysaccharide solutions as a function 
of beet pectin concentration at pH 4.5, 5.0 and 5.5 (Figure 3.2a).  At pH 5.5, the solutions 
were transparent across the whole pectin concentration range, which indicated that any 
complexes formed were too small to strongly scatter light.  At pH 5.0, the turbidity of the 
solutions decreased from a relatively high value (0.6 cm-1) in the absence of pectin to a 
relatively low constant value at ≥ 0.05 wt% beet pectin (0.1-0.2 cm-1) (Figure 3.2a).  At 
pH 4.5, the solutions were highly turbid (> 0.9 cm-1) across the whole pectin 
concentration range (but particularly at 0.1% pectin), which indicated that large 
complexes were formed that strongly scattered light.  Indeed, upon standing for 24 hours 
these complexes formed a visible sediment layer at the bottom of the tubes.   
Measurements of the size and electrical charge on the particles in the mixed 
biopolymer systems were also made at selected pH values (4.5, 5.0 and 5.5) to obtain 
information about the impact of pectin concentration on their properties (Figures 3.2b and 
3.2c).  Reliable particle size measurements could not be made for suspensions at pH 4.5 
because the aggregates were too large to make dependable measurements by dynamic 
light scattering (i.e., d > 10,000 nm).  At pH 5.0, the particles were relatively large in the 
absence of pectin because the protein was close to its isoelectric point, but the particle 
size decreased appreciably at ≥ 0.05 wt% pectin, indicating that pectin formed a complex 
with the protein that protected it from extensive self-aggregation (Figure 3.2b).  At pH 
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5.5, the particle size remained relatively small at all beet pectin concentrations indicating 
that the protein itself was relatively stable to aggregation, and that the complexes formed 
remained relatively small (Figure 3.2b).  These experiments indicated that about 0.1 wt% 
beet pectin was sufficient to form relatively small (d < 500 nm) complexes with 0.5 wt% 
β-Lg at pH 5.0 and 5.5, but that stable complexes could not be formed at pH 4.5 at any 
pectin concentration. 
In the absence of pectin, the charge on the protein molecules became more 
negative as the pH increased, as would be expected when the pH moves above the 
isoelectric point of a protein.  At all pH values, the ζ-potential became more negative as 
the pectin concentration was increased indicating that the beet pectin and β-Lg formed 
molecular complexes.  The amount of beet pectin required to saturate the protein 
molecules (i.e., to cause no further change in ζ-potential) increased with decreasing pH, 
being around 0.05 wt% at pH 5.5, 0.1 wt% at pH 5.0, and 0.25 wt% at pH 4.5.  This 
effect can be attributed to the fact that the protein has more positive charges on its surface 
at low pH values (126, 191, 314-316), and therefore more pectin molecules can bind to 
the exposed cationic groups.   
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Figure 3.2a/b:  Changes to physical characteristics of biopolymer solutions with 0.5 wt% 
β-Lg and increasing beet pectin concentration at different pH values (pH 4.5, 5.0 and 
5.5).  (a) Turbidity at 600 nm; (b) Particle Size 
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Figure 3.2c:  Changes to physical characteristics of biopolymer solutions with 0.5 wt% 
β-Lg and increasing beet pectin concentration at different pH values (pH 4.5, 5.0 and 
5.5).  (c) ζ-potential through charge mobility 
 
3.4.3 Influence of Thermal Treatment on Protein-Polysaccharide Complexes 
The purpose of these experiments was to examine the impact of heating on the 
properties of the protein-polysaccharide electrostatic complexes formed at ambient 
temperatures.  We hypothesized that heat-treated complexes would have different 
properties than untreated complexes, e.g., size, structure and sensitivity to environmental 
stresses such as pH and ionic strength.  Initially, we measured the change in turbidity of 
0.5 wt% β-Lg solutions in the absence (0 wt%) and presence (0.1 wt%) of pectin when 
they were heated at pH 4.5, 5.0 or 5.5 (Figure 3.3).  In the absence of pectin, the turbidity 
of the pH 4.5 and 5.0 samples was relatively large at ambient temperatures because of 
-40
-30
-20
-10
0
0 0.1 0.2 0.3 0.4 0.5
ζζ ζζ-
po
te
n
tia
l (m
V
)
[Pectin] (w/w %)
Figure 3.2c
pH 4.5
pH 5.0
pH 5.5
 96 
 
protein self-association near the isoelectric point (Figure 3.3a).  Upon heating there was 
initially a slight decrease in turbidity in these samples suggesting some change in 
structure or dissociation of the aggregates due to the increased thermal energy of the 
system.  As the temperature increases, the configurational entropy and mixing entropy of 
the system will increase, which may favor dissociation of the complexes. However, once 
the temperature exceeded about 70 ºC, there was a large increase in turbidity, which can 
be attributed to increased protein aggregation caused by thermal denaturation.  At pH 5.5 
in the absence of pectin, the turbidity was relatively low from 30 to 70 ºC indicating that 
the proteins did not strongly aggregate with each other, presumably because of the strong 
electrostatic repulsion between them.  Nevertheless, a large increase in turbidity occurred 
above 70 ºC, which was indicative of the formation of large protein aggregates. 
The change in turbidity with temperature was appreciably different for the protein 
solutions containing 0.1 w/w % pectin (Figure 3.3b).  At pH 4.5, the turbidity of the 
mixed systems was high from 30 to 70 ºC due to the formation of large protein-
polysaccharide complexes at ambient temperatures, and it increased even higher when the 
temperature exceeded 70 ºC, presumably because of protein denaturation and further 
aggregation.   At pH 5.0 and 5.5, the turbidity remained relatively low from 30 to 75 ºC 
but then increased appreciably, indicating extensive protein aggregation above the 
thermal denaturation temperature.  These results indicate that the presence of pectin was 
unable to prevent extensive protein aggregation at temperatures exceeding the Tm of the 
β-Lg, even though it could prevent protein self-association at lower temperatures. 
We also examined the influence of pectin concentration (0 to 0.5 wt%) on the 
temperature dependence of the turbidity of 0.5 wt% β-Lg samples at pH 5.0 (Figure 
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3.4a).  In the absence of pectin the turbidity was high at temperatures below Tm because 
the protein was close to its isoelectric point, and it increased appreciably above Tm 
because of protein denaturation.  At 0.05 and 0.1 wt% pectin, the solution turbidity was 
low from 30 to 50 ºC indicating that this amount of pectin was capable of protecting the 
protein from self-association near its isoelectric point.  A progressive increase in turbidity 
with temperature was observed from 50 to 74 ºC at these pectin concentrations, which 
may have been because some of the protein molecules were released from the complexes 
at these elevated temperatures and then aggregated.  Above 74 ºC, the turbidity of the 
solutions containing 0.05 and 0.1 wt% pectin increased steeply, which can be attributed 
to thermal denaturation and aggregation of the globular proteins.  On the other hand, at 
0.25 and 0.5 wt% pectin, the solution turbidity remained low from 30 to 74 ºC indicating 
that this amount of pectin was capable of protecting the protein from release and self-
association over a wider range of temperatures.  Nevertheless, there was still a large 
increase in turbidity above 74 ºC, indicating that extensive protein aggregation due to 
thermal denaturation still occurred. 
The aggregation temperature (Ta) of the various samples was calculated by 
finding the inflexion point in the turbidity versus temperature curves.  The inflexion point 
was determined from the first derivative of the τ−T curves using a spreadsheet program.  
The aggregation temperature increased with increasing pectin concentration (Figure 
3.4b).  This could be because the pectin was capable of increasing the thermal 
denaturation temperature (Tm) of β-Lg, or because it was capable of slowing down the 
aggregation kinetics, e.g., by decreasing the frequency of encounters between protein 
molecules (323).  Previous studies have found that a variety of anionic polysaccharides 
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are capable of stabilizing globular proteins against thermal denaturation, i.e., increasing 
Tm (324, 325).  For example, carrageenan (3 wt%) or xanthan (3 wt%) increased the Tm of 
β-Lg (15 wt%) at pH 7 by about 3 ºC, whereas pectin (1 wt%) increased the Tm of β-Lg 
(20 wt%) at pH 7 by about 5.5 ºC (324).  One might also expect the kinetics of protein 
aggregation to be reduced when β-Lg forms a molecular complex with pectin, since the 
polysaccharide chain may sterically hinder with the close approach of the globular 
protein molecules (323).  Nevertheless, further research is needed to establish the 
molecular basis for the impact of polysaccharides on the thermal denaturation and 
aggregation of globular proteins in electrostatic complexes. 
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Figure 3.3:  Temperature-dependence of the turbidity of (a) pure 0.5 wt% β-Lg solutions 
and (b) mixtures with 0.1% beet pectin at different pH values (pH 4.5, 5.0 and 5.5).  The 
samples were heated from ambient temperature at a rate of 1 ºC per minute. 
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Figure 3.4:  Changes to the (a) thermal profiles and (b) aggregation temperature of 0.5 
wt% β-Lg solutions as the concentration of beet pectin is increased at pH 5.0.  The 
samples were heated from ambient temperature at a rate of 0.8 ºC per minute. 
 
0
0.5
1
1.5
2
2.5
3
30 50 70 90
A
bs
o
rb
a
n
ce
 
(cm
-
1 )
Temperature (ºC)
Figure 3.4a
0%
0.05%
0.10%
0.25%
0.50%
74
76
78
80
82
84
0 0.25 0.5 0.75 1
A
gg
re
ga
tio
n
 
Te
m
pe
ra
tu
re
 
(ºC
)
Pectin (wt%)
Figure 3.4b
 101 
 
3.4.4 pH stability of Heat Treated Protein-Polysaccharide Complexes 
The purpose of these experiments was to examine the pH-stability of untreated 
and heat-treated protein-polysaccharide complexes.  Protein-polysaccharide complexes 
were formed by preparing a solution containing 0.5 wt% β-Lg and 0.1 wt% pectin at pH 
7, then adjusting the solution to pH 5.  A portion of the solution was then heated (83 ºC, 
15 minutes), while the other portion was left at ambient temperature.  Prior to secondary 
pH adjustment, half of the heated samples were diluted 1:10 with distilled water for 
accurate turbidity measurement.  The change in the turbidity of the heated and unheated 
samples was then measured as the pH was adjusted from 5 to 7.  The turbidity of the 
unheated β-Lg/pectin mixtures fell from around 0.29 cm-1 at pH 5 to < 0.02 cm-1 at pH 7 
indicating that the complexes dissociated.  Complex dissociation would be expected at 
higher pH values because both the β-Lg and pectin molecules have a high negative 
charge and so there should be a strong electrostatic repulsion between them.  On the other 
hand, the turbidity of the heat-treated β-Lg/pectin mixtures was high at pH 5.0 (≈ 2.5 cm-
1) and remained high when the pH was adjusted to 7 (≈ 2.3 cm-1), which suggested that 
the biopolymer particles formed remained large enough to scatter light.  To further 
investigate this effect we examined the influence of pH and pectin concentration on the 
properties of biopolymer particles formed by heat treatment (Figure 3.5).  These samples 
were, once again, heated at pH 5.0 and then adjusted to various pH values prior to 
analysis.   
In the absence of pectin, large protein aggregates (d > 6000 nm) were formed in 
the 0.5 wt% β-Lg solutions when they were heated at pH 5, which remained large (d > 
3000 nm) across the entire pH range.  These measurements suggest that the aggregation 
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that occurred near the isoelectric point of the globular protein was largely pH-
irreversible.  These large protein aggregates may have been held together by attractive 
hydrophobic or disulfide bonds that were strong enough to overcome the repulsive 
electrostatic interactions that occur above or below the protein isoelectric point.  A white 
sediment rapidly formed at the bottom of test tubes containing these protein aggregates 
when left to stand at ambient temperature.  In the presence of 0.05 wt% pectin, the mean 
particle size remained relatively small and constant (d ≈ 300 nm) after the pH was 
adjusted to values ranging from 7 to 4.8, but increased appreciably (d > 10,000 nm) when 
it was adjusted to ≤ pH 4.4 (Figure 3.5a).  The pH where this large increase in particle 
size was first observed upon decreasing the pH will subsequently be referred to as the 
“critical aggregation pH” (pHcritcal).  These results show that the protein-polysaccharide 
complexes formed by heating at pH 5 remain stable across a range of pH values (pH 4.8 
to 7.0).  We postulate that the protein molecules within these complexes irreversibly 
aggregate and form a protein matrix that holds the pectin molecules within it.  As the 
pectin concentration was increased, the apparent mean particle diameter of the complexes 
at the higher pH values (pH > 5) increased (Figure 3.5a).  This effect can be attributed to 
the fact that the viscosity of the mixtures increases with increasing pectin concentration, 
thereby slowing down the movement of any particles present.  Indeed, when these 
samples were diluted (1:10) with water prior to making the particle size measurements 
the mean particle diameters were around 300 nm for all pectin concentrations (0.05 to 0.5 
wt% at pH > 5).   
In mixed protein-polysaccharide systems, the critical pH decreased with 
increasing pectin concentration: pHcritcal ≈ 4.4, 3.8, 3.5, and < 3.0 for 0.05, 0.1, 0.25 and 
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0.5 wt% pectin, respectively (Figure 3.5a).  This effect can be attributed to the fact that 
the pH of zero net particle charge decreased with increasing pectin concentration (Figure 
3.5b).  Hence, there was a larger electrostatic repulsion between the complexes at the 
higher pectin concentrations, which helped to prevent their aggregation.   
It also cannot be discounted that viscosity effects of higher pectin concentrations 
play a key role in formation of the complexes.  Interparticle interactions during the 
heating step could be reduced through the decreased mobility of added, free pectin 
chains.  After heating, the viscosity is not believed to play a major role in particle 
stability.  Diluted systems (1:10) did not produce statistically different particle sizes or 
improved stabilities compared to undiluted systems (data not shown). 
Particle composition was determined through Lowry assay and direct absorbance 
of ferulic acid groups at 326 nm (Figure 3.6).  At a quick glance, protein and beet pectin 
concentration did not change significantly with the secondary pH adjustment from 5.0 to 
7.0.  This would indicate, again, that the structure post-heating is not solely dependent on 
the charge interactions of the individual biopolymers.  Protein composition of the heat-
treated solutions was seen to decrease significantly after ultra-centrifugation (Figure 
3.6a), with little change through increased beet pectin concentrations.  Beet pectin 
concentration, on the other hand, does not decrease from the original added 
concentrations after centrifugation (Figure 3.6b). 
Since it is known that the protein concentration decreased with centrifugation, yet 
the beet pectin concentration did not, two major theories may be presented.  Either the 
beet pectin became dislodged from the heat-treated complexes through shearing forces 
incurred during ultra-centrifugation, or the original heat-treated complexes were actually 
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composed of nearly pure β-Lg cores (linked hydrophobically) surrounded by a viscous 
beet pectin matrix.  Unfortunately, it is difficult to distinguish, fully, the structure based 
on the measurements made in this paper.  Future experiments will be required in this 
area, perhaps using imaging techniques, to fully determine the properties of these heat-
treated particles.   
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Figure 3.5:  Changes to (a) particle size and (b) ζ-potential of heat-treated mixed 
biopolymer solutions (formed by heating β-Lg /beet pectin mixtures at pH 5) when 
subjected to pH alterations at different pectin concentrations.  
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Figure 3.6:  Biopolymer composition of heat-treated mixed biopolymer solutions 
(formed by heating β-Lg /beet pectin mixtures at pH 5) with increasing pectin 
concentration before and after centrifugation at pH 5.0 or pH 7.0.  (a) Protein 
Composition by Lowry Assay; (b) Supernatant beet pectin composition by direct 
absorbance at 326 nm. 
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3.5 Conclusion 
We have shown that biopolymer particles can be prepared by heating globular 
protein-polysaccharide complexes above the thermal denaturation temperature of the 
protein.  These biopolymer particles are relatively small (d ≈ 300 nm) and are stable over 
a relatively wide range of pH values, which depends on polysaccharide concentration.  At 
sufficiently high polysaccharide concentrations, biopolymer particles could be formed 
that remained intact from pH 3 to 7, which covers most of the range important for food 
applications.  These biopolymer particles could be used as fat mimetics (e.g., to simulate 
the light scattering or viscosity of fat droplet suspensions) or they could be used as 
delivery systems (e.g., to encapsulate bioactive components).  Further work is needed to 
better understand the molecular and structural events that occur when globular proteins 
undergo thermal denaturation and aggregation within a protein-polysaccharide 
electrostatic complex.   
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CHAPTER 4 
4 FORMATION OF BIOPOLYMER NANOPARTICLES BY HEAT 
TREATMENT OF COMPLEXES BETWEEN β-LACTOGLOBULIN AND 
VARIED ANIONIC POLYSACCHARIDES  
 
4.1 Abstract 
Biopolymer nanoparticles can be formed by heating globular protein / 
polysaccharide associative complexes above the thermal denaturation temperature of the 
protein.  In this study, the influence of polysaccharide linear charge density on the 
formation and properties of these biopolymer nanoparticles was examined.  Mixed 
solutions of globular proteins (β-lactoglobulin) and anionic polysaccharides (high and 
low methoxyl pectin) were prepared.  Micro-electrophoresis, dynamic light scattering, 
turbidity and atomic force microscopy (AFM) measurements were used to determine the 
influence of protein-to-polysaccharide mass ratio (r), solution pH, and heat treatment on 
biopolymer particle formation.  Biopolymer nanoparticles (d < 500 nm) could be formed 
by heating protein-polysaccharide complexes at 83 ºC for 15 min at pH 4.75 and r = 2:1 
in the absence of added salt.  The biopolymer particles formed were then subjected to pH 
and salt adjustment to determine their stability, with greater pH-stability for β-
lactoglobulin-HMP complexes than β-lactoglobulin-LMP complexes.  The addition of 
200 mM sodium chloride greatly improved the pH-stability of HMP complexes, but 
decreased the pH-stability of LMP complexes.  The biopolymer particles formed 
consisted primarily of β-lactoglobulin, which was probably surrounded by a pectin 
coating at low pH values.  AFM measurements indicated that the biopolymer 
nanoparticles formed were spheroid in shape.   
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4.2 Introduction 
Protein and polysaccharide mixtures can be used to fabricate biopolymer particles 
with a variety of different compositions, structures and dimensions depending on the 
nature of the biopolymers involved and the assembly principle used (20, 296-298).   In 
this study, we focus on the utilization of associative interactions between biopolymers 
(20, 323, 326, 327).  Associative interactions usually occur through electrostatic 
attraction between proteins and polysaccharides that have opposite electrical charges.  
Under controlled pH conditions, electrostatic interactions between proteins and 
polysaccharides may be manipulated to form a variety of biopolymer particles.  However, 
such particles may undergo dissociation when the environmental conditions are altered, 
e.g., changing pH or increasing ionic strength. One possible way to overcome such a 
limitation is the formation of nanoparticles through heat denaturation of globular proteins 
followed by electrostatic complexation with polysaccharides, either anionic (e.g., alginate 
and pectin) or cationic (e.g., chitosan) polysaccharides (191, 303-306).  The biopolymer 
particles formed using this approach have good stability to subsequent alterations in the 
pH of the surrounding aqueous phase (304), and therefore may be suitable for application 
as delivery systems in a variety of applications.  
In the present study, we examined the effect of anionic polysaccharide charge 
density on the formation and stability of biopolymer particles by heating a model 
globular protein (β-lactoglobulin) with either high methoxyl pectin (HMP), low methoxyl 
pectin (LMP), or carrageenan.  We hypothesized that the differences in the linear charge 
densities of these three polysaccharides would influence the formation and functional 
properties of the biopolymer particles, e.g. particle size, stability and optical properties.  
 110 
 
4.3 Materials and Methods 
4.3.1 Materials 
Purified β-lactoglobulin powder (Lot# JE003-3-922) was kindly donated by 
Davisco Foods International (BioPURE Betalactoglobulin, Eden Prairie, MN).  The 
reported composition of the powder was 97.4% Total Protein, 92.5% β-lactoglobulin, and 
2.4% Ash.  High-Methoxyl (Pretested HM Rapid Set, Lot# 506967, DE (degree of 
esterification) 71%, <1% Ash) and Low-Methoxyl (Pretested LM 32, Lot# 507061, DE 
32%, <1% Ash) pectin were donated from TIC Gums (Belcamp, MD).  Carrageenan 
(Lot# 20122150) was received from FMC Biopolymer (Viscarin SD 389, Philadelphia, 
PA), reported as a mixture of mostly iota- with some lambda- chains.  Hydrochloric acid 
solutions were created from a 12.1 N hydrochloric acid solution (Fisher Scientific, 
Fairlawn, NJ).  Sodium hydroxide solutions were created from solid sodium hydroxide 
(Sigma Chemical Co., St. Louis, MO).  Cupric Sulfate (Lot# 960813) and sulfuric acid 
(Lot# 044729) were purchased from Fisher Scientific (Fairlawn, NJ).  Folin-Ciocalteau’s 
phenol reagent (Batch# 034K3608) and sodium carbonate were purchased from Sigma 
(St. Louis, MO).  All materials were used directly without purification.  Solutions were 
created with double-distilled/de-ionized water  
4.3.2 Biopolymer Solution Preparation 
Powdered β-lactoglobulin and pectin samples were dissolved in 10 mM sodium 
acetate, pH 7.0 by stirring at ambient temperature for at least 5-8 hours at 150 rpm.  
Protein and polysaccharide solutions were initially adjusted to pH 7.0 using 1.0 N and 0.1 
N sodium hydroxide solutions before being mixed.  Individual and mixed biopolymer 
solutions were adjusted to pH < 7.0 using 1.0 N, 0.1 N, and/or 0.01 N hydrochloric acid 
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solutions.  All solutions were equilibrated at the target pH for 3-5 minutes before 
analysis.   
4.3.3 Biopolymer Particle Formation  
Initially, screening experiments were conducted to identify the optimal 
biopolymer particle production conditions, feasibility of complex formation, and particle 
properties. In these experiments, protein-polysaccharide solutions with different 
biopolymer mass ratios (r) were adjusted to a specific pH, and then their properties were 
analyzed before and after thermal treatment (83 ºC, 15 minutes).  These experiments 
indicated that a stable suspension of relatively small biopolymer particles could be 
formed by thermal treatment at pH 4.75, and so this pH was selected for subsequent 
studies.  The pH stability of the biopolymer particles formed after thermal treatment at 
pH 4.75 was then investigated by adjusting the pH of the biopolymer particle suspension 
using hydrochloric acid or sodium hydroxide.   
4.3.4 Determination of Particle Composition  
Particle composition was determined by measuring the protein and polysaccharide 
content of suspensions before centrifugation, and of the resulting supernatant after 
centrifugation.  Centrifugation was carried out at 20,000 × g for 40 min (21 ºC) using an 
ultracentrifuge (Sorvall RC6 Plus, Thermo Scientific, Waltham, MA) and the 
composition of the particles was determined from the difference between polysaccharide 
and β-lactoglobulin amounts in total and supernatant, respectively.  The protein 
concentration was determined using the Lowry assay, while the polysaccharide content 
was determined using the Phenol-Sulfuric Acid assay.  Stock solutions of each respective 
biopolymer were used as standards. 
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4.3.5 Characterization of Particle Properties 
Appearance: Turbidities were determined using a UV-visible spectrophotometer 
at 600 nm (Ultraspec 3000 pro, Biochrom Ltd., Cambridge, UK) with distilled water as a 
blank reference.   
Particle Size and Charge Measurements: Particle sizes and charges were 
determined by dynamic light scattering and micro-electrophoresis (Nano-ZS, Malvern 
Instruments, Worcestershire, UK).  The particle size data is reported as the Z-average 
mean diameter, while the particle charge data is reported as the ζ-potential.   
Particle Structure: After complex production, samples were diluted with double 
distilled water (HPLC grade) 1:50 (v/v) and 2 µL aliquots were placed on a newly 
cleaved mica slide (PELCOTM Mica, 9.9 mm discs) attached to AFM 15 mm specimen 
discs using adhesive tabs (PELCOTM tabs, 12mm OD) purchased from TED PELLA Inc. 
(Redding, CA). Specimen slides were allowed to dry overnight (covered, to protect from 
dust), then placed on the AFM table for scanning using a CP-II atomic force microscope 
(Veeco, Santa Barbara, CA) mounted with a silicone tip (Force constant 3 N/m, 
Multi75Al, TED PELLA Inc., Redding, CA). Scanning of various scan areas (5 × 5µm, 3 
× 3µm and 1 × 1µm) was directed using the software provided (ProscanXP, version 1.9, 
Veeco, Santa Barbara, CA), operated in contact mode in air with a scan speed of 0.8 Hz. 
Images were generated with IP2 Image analysis AFM software (Version 2.1). Average 
surface roughness was calculated based on cross sectioning of 3 × 3 µm scans. These 
values were calculated based on at least 3 different images per sample and each image 
was cross sectioned at least 20 different times.   
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4.3.6 Statistical Analysis 
All results are reported as means and standard deviations for at least three 
replicate samples and statistical differences were evaluated using the student’s t-test 
(Data Analysis Tool Pack, Excel, Microsoft Corporation). 
 
4.4 Results and Discussion 
4.4.1 Characterization of Pure and Mixed Biopolymer Solutions 
The overall objective of this series of experiments was to establish the solution 
conditions where β-lactoglobulin (β-Lg) – anionic polysaccharide (HMP, LMP & 
Carrageenan) complexation occurred at ambient temperature.   
4.4.1.1 Electrical characteristics of individual biopolymers  
Solutions of β-lactoglobulin and of pectin were adjusted from pH 7 to 3 prior to 
micro-electrophoresis measurements (Figure 4.1).  The point of zero charge for β-
lactoglobulin (pH ≈ 4.6) was similar to that found in previous experiments (254, 328), 
and is in reasonable agreement with published values for this protein’s pI (329).  The ζ-
potentials for HMP and LMP were -31 and -45 mV at pH 7, respectively, as expected 
based on structural charge densities.  Also, there was a notable decrease in the magnitude 
of the negative charge on the two types of pectin when the pH decreased below pH 4.5, 
consistent with literature values for pKa ranging from 3 to 4 (330).   Charge of 
carrageenan solutions could not be analyzed due to insufficient laser scattering of the 
polysaccharide at the tested concentrations. 
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4.4.1.2 Influence of solution pH and composition on protein/polysaccharide 
complexation 
The nature of the protein-polysaccharide complexes formed when β-Lg interacted 
with the three types of anionic polysaccharides was ascertained by measuring changes in 
solution turbidity (Figure 4.2) and ζ-potential (Figure 4.3) as a function of pH and 
polysaccharide concentration.  The protein-polysaccharide mixtures were prepared at 
neutral pH and then adjusted to a series of lower pH values by adding acid.   
An increase in solution turbidity is indicative of the formation of complexes that 
are large enough to scatter light.  Typically, we observed that mixed biopolymer solutions 
with turbidity values < 0.4 cm-1 formed colloidal dispersions that remained stable to 
sedimentation during the experimental timeframe (24 hours), whereas those that had 
turbidity values > 0.4 cm-1 tended to precipitate and rapidly sediment.  Turbidities of 
mixed protein-polysaccharide solutions are shown as a function of pH (3.5 to 5.5) and 
polysaccharide concentration (0 to 0.1 % w/w) in Figure 4.2.  At pH > 5.5, the mixed 
systems were optically transparent consistent with the net negative charge for both 
protein and polysaccharide at this pH (Figure 4.1), leading to sufficient electrostatic 
repulsion between the molecules to prevent complex formation.   In addition, the 
biopolymer concentration was insufficient to promote phase separation due to 
thermodynamic incompatibility (segregative separation). The turbidity of the protein-
polysaccharide solutions typically increased with decreasing pH, and in some cases large 
precipitates rapidly sedimented to the bottom of the test tubes.  The nature of particle 
formation (turbidity/sedimentation) depended on solution pH, polysaccharide type, and 
polysaccharide concentration (Figure 4.2).    
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Figure 4.1:  ζ-Potential of pure pectin (LMP and HMP) and β-lactoglobulin solutions 
(0.1% w/w) as a function of pH.   
 
 
Figure 4.2a:  Turbidity of mixed polysaccharide (0 - 0.1%) and β-Lactoglobulin 
solutions (0.1%) as a function of pH and polysaccharide concentration (w/w%) – (a) Low 
Methoxyl Pectin 
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Figure 4.2b/c:  Turbidity of mixed polysaccharide (0 - 0.1%) and β-Lactoglobulin 
solutions (0.1%) as a function of pH and polysaccharide concentration (w/w%) – (b) 
High Methoxyl Pectin; (c) Carrageenan 
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For protein-polysaccharide solutions containing LMP or carrageenan, there was a 
large increase in solution turbidity and sediment formation at polysaccharide 
concentrations from 0.01 to 0.05 % w/w when the solution was adjusted to pH ≤ 5.25 
(Figures 4.2a & 4.2b).  However, turbidity dropped as polysaccharide concentrations 
increased above 0.03%, and sedimentation was not observed. At higher polysaccharide 
concentrations the samples were less turbid and did not exhibit sedimentation, indicating 
that smaller colloidal dispersions containing fairly stable complexes were formed. This 
effect is likely due to the formation of negatively charged complexes in the presence of 
excess anionic polysaccharide as indicated by the influence of polysaccharide 
concentration on the ζ-potential of the complexes (Figure 4.3). The impact of pectin 
concentration on the formation of large aggregates at low pH was less prominent for 
HMP (Figure 4.2b) than LMP (Figure 4.2a), which is consistent with the smaller changes 
in ζ-potential when increasing amounts of HMP were added. The lower charge density of 
HMP also accounts for the observed differences in the pH where a significant increase in 
turbidity was first observed upon lowering the pH: ≈ 5.0 for LMP versus 4.5 for HMP.  
The net charge on the protein molecule must be more positive before appreciable binding 
can occur to the polysaccharide in the case of the pectin with the lower charge density 
(HMP).   
Additional information about the nature of the protein-polysaccharide complexes 
was obtained from ζ-potential measurements as a function of pH (Figure 4.3). Mixtures 
of β-lactoglobulin (0.1 % w/w) and polysaccharides (0 - 0.05 %w/w) were prepared at 
neutral pH, and ζ-potentials were measured with progressive addition of acid.  The ζ-
potentials of the protein-pectin systems were less negative than that of pectin alone 
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(Figure 4.1) and more negative than protein alone (Figure 4.3), indicating complex 
formation. With increasing pectin concentration the ζ-potentials continuously decreased 
with addition of LMP or carrageenan (Figures 4.3a & 4.3c), but reached limiting values 
upon addition of ≥ 0.01% pectin for HMP, and these limiting values (-10 to -20 mV) 
were similar to those of HMP alone (Figure 4.1) indicating excess pectin.  On the other 
hand, ζ-potentials for β-lactoglobulin-(LMP or carrageenan) mixtures (Figures 4.3a & 
4.3c) remained more positive than free LMP or carrageenan at all pH’s (Figure 4.1). The 
presence of excess pectin for HMP and not for LMP/carrageenan suggests that the 
protein-binding capacity (number of moles of protein bound per mole of pectin) is larger 
for LMP and carrageenan, which is expected because of their higher charge density.  
 
 
Figure 4.3a:  ζ-potential of mixed polysaccharide (0 - 0.05%) and β-lactoglobulin 
solutions (0.1%) as a function of pH and polysaccharide concentration (w/w%) – (a) Low 
Methoxyl Pectin. 
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Figure 4.3b/c:  ζ-potential of mixed polysaccharide (0 - 0.05%) and β-lactoglobulin 
solutions (0.1%) as a function of pH and polysaccharide concentration (w/w%) – (b) 
High Methoxyl Pectin; (c) Carrageenan. 
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The physicochemical origin for the formation of large aggregates that scattered 
light may be attributed to either charge neutralization and/or bridging effects, depending 
on solution composition and pH.  The protein-to-polysaccharide mass ratio (r) had a 
major impact on the degree of aggregation in the solutions (Figure 4.2).  At low r, the 
protein-polysaccharide complexes formed are highly negative because there are few 
protein molecules bound per anionic polysaccharide molecule.  As r increases, at pH < 
pI, the net charge on the complexes becomes less negative due to more protein binding.  
At sufficiently low pH and sufficiently high r, complexes can achieve electrical neutrality 
or charge reversal, with the former leading to high aggregation and turbidity as seen in 
Figure 4.2 at low pH and large r.  In addition, a single protein molecule may be able to 
bind to more than one polysaccharide molecule, so that the proteins can act as 
electrostatic bridges.     
The differences in the pH dependence of the aggregation stability and electrical 
characteristics of the two pectins can be attributed to differences in their charge densities.  
LMP has a higher charge density and should therefore be capable of binding more protein 
molecules at saturation than HMP.  The ζ-potential measurements indicate that LMP is 
capable of binding sufficient protein molecules to promote charge reversal at low pH 
values (pH ≤ 4) and low pectin concentrations (pectin ≤ 0.02 % w/w), which would 
account for the high degree of large complex formation in the LMP system (Figure 4.2a).  
On the other hand, the ζ-potential measurements indicate that HMP remained negatively 
charged across the entire pH and pectin concentration range studied, which would 
account for the lower degree of large complex formation in the HMP system (Figure 
4.2b).   
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Conditions for high turbidity are confined to (a) pH < 5 and 0.01 or 0.02% LMP 
(or carrageenan), or pH < 4 and 0.02 or 0.01% HMP. Figure 4.3 shows that the first set of 
conditions corresponds to ζ-potentials between -25 and +10 mV, and the second set to ζ-
potentials between 15 and –5 mV.  There is no simple correlation between turbidity and 
ζ-potential (e.g. LMP at 0.01% pectin and pH 4.5 with ζ-potential of -15 mV is very 
turbid, but the turbidity for HMP at 0.01% pectin is three times smaller despite a ζ-
potential of -3.5 mV).  What can be seen is that very large turbidities are seen for systems 
in which charge reversal is possible, i.e. LMP systems below pH 4.5.  In these cases, 
addition of anionic polysaccharide to β-lactoglobuin makes it possible to cross the 
condition of charge neutrality, while for HMP there appears to be no pH at which 
adjustment of stoichiometry leads to charge neutralization.  This result was unexpected, 
since the lower charge density of HMP should make it more readily neutralized by β-Lg 
binding. It therefore seems plausible that a reduction of pH, while increasing protein 
positive charge, reduces the linear charge density of HMP (pKa ≈ 3.5) to the extent that 
its binding affinity is compromised, while LMP still has sufficient charge density to 
maintain protein binding even at pH 3.   
To summarize, there are several possible mechanisms to explain why protein-
polysaccharide complexes containing HMP were less prone to aggregation than those 
containing LMP or carrageenan, particularly at intermediate polysaccharide 
concentrations (0.01 and 0.02 wt%).  First, the ζ-potential on the β-Lg-HMP complexes 
was negative across the entire pH range (Figure 4.3b), while the β-Lg-LMP or β-Lg-
carrageenan complexes was close to zero at lower pH values (Figures 4.3a and 4.3c), and 
so there would be less electrostatic repulsion between them. This can be attributed to the 
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weaker protein binding affinity of HMP compared to LMP or carrageenan, as charges on 
HMP would be uncomplexed and contribute to the surface ionization.  Second, their may 
have been more electrostatic bridging of the pectin molecules by protein molecules in the 
systems containing LMP or carrageenan because the polysaccharide molecules were not 
fully saturated with protein, so there were some anionic polysaccharide groups remaining 
that could bind to more than one protein molecule.  
 
 
Figure 4.4:  Impact of anionic polysaccharide concentration and type on the turbidity of 
β-lactoglobulin solutions (0.1%) at pH 4.75.   
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polysaccharide concentrations (0 to 0.1 wt%), indicating the absence of aggregation 
(Figure 4.4).  The relatively low number of anionic groups on the HMP molecules meant 
that they were saturated with protein at all pectin concentrations, demonstrated by the fact 
that the charge was independent of polysaccharide concentration from 0.01 to 0.05 wt% 
(Figure 4.5).  Consequently, there may have been few free anionic groups available on 
the HMP molecules that could be bridged by protein molecules.  For LMP and 
carrageenan, a strong maximum in the turbidity was observed at 0.01% pectin, indicating 
extensive biopolymer aggregation at intermediate polysaccharide concentrations (Figure 
4.4).  The relatively large number of anionic groups on both the LMP and carrageenan 
molecules meant that they were not saturated with protein at the lower polysaccharide 
concentrations (e.g., 0.01 and 0.02 wt%) (Figure 4.5).  Hence, a single protein molecule 
could bind to more than one polysaccharide molecule leading to aggregation through 
electrostatic bridge formation.  At higher LMP or carrageenan concentrations, the 
electrostatic repulsion between the complexes may have been sufficient to prevent 
extensive aggregation.   
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Figure 4.5:  Impact of anionic polysaccharide concentration and type on the ζ-potential 
of β-lactoglobulin solutions (0.1%) at pH 4.75.     
 
4.4.2 Effect of thermal treatment on biopolymer particle formation 
The objective of this series of experiments was to determine suitable experimental 
conditions for preparing stable suspensions of biopolymer particles by thermal treatment 
of protein-polysaccharide mixtures.  The impact of pH, polysaccharide concentration, and 
polysaccharide type on the formation of stable biopolymer particles was therefore 
examined.  For each sample, a β-lactoglobulin/polysaccharide mixture was prepared at 
neutral pH (outside the range of complex formation), adjusted to the desired pH by 
adding acid, and then heated (83 oC, 15 minutes).  The turbidity of the resulting systems 
was then measured after they were cooled to room temperature.   
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Solutions of protein alone at pH 4.0 – 5.5 became very turbid after heating 
(compare Figures 4.2 and 4.6).  In the absence of inter-protein charge repulsion and 
above their thermal denaturation temperature (Tm), the proteins unfold and self-associate 
through hydrophobic and disulfide bonds, leading to the formation of irreversible 
particulate aggregates (311, 331).  At pH values appreciably higher or lower than the pI 
(and at low ionic strength), inter-protein repulsion inhibits the formation of particulates 
(311, 331).        
 
 
Figure 4.6a:  Impact of initial solution pH and anionic polysaccharide concentration on 
the turbidity of heat-treated (83 ºC, 15 min) β-lactoglobulin solutions (0.1% β-Lg):  (a) 
LMP. 
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Figure 4.6b/c:  Impact of initial solution pH and anionic polysaccharide concentration on 
the turbidity of heat-treated (83 ºC, 15 min) β-lactoglobulin solutions (0.1% β-Lg):  (b) 
HMP; (c) Carrageenan. 
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The turbidity versus pH profiles of the β-Lg – pectin mixtures were considerably 
different after heating than before heating (compare Figures 4.2 and 4.6), and were 
considerably different from that of solutions containing β-Lg alone (Figure 4.6).  These 
results show that the anionic polysaccharides altered the nature of the biopolymer 
aggregates formed during thermal treatment by an amount that depended on 
polysaccharide type and concentration.  From pH 4.5 to 5.5, the turbidity after heating 
was considerably less for the samples containing anionic polysaccharide than those 
containing only protein (Figure 4.6b), which suggested that the charged polysaccharide 
was able to reduce the size and/or concentration of biopolymer aggregates formed by 
heating.  We propose that the anionic polysaccharides formed electrostatic complexes 
with the β-Lg at ambient temperatures, which inhibited heat-induced aggregation by 
restricting the ability of the protein molecules to come into close contact with their 
neighbors.  The inhibition of protein aggregation by polyanions has been demonstrated 
for the case of insulin and heparin (332). All these situations, like the present one, refer to 
low ionic strength and pH near pI, conditions which facilitate the formation of soluble as 
opposed to insoluble protein-polyanion complexes.  
For protein solutions containing HMP, the turbidity after heating was relatively 
low from pH 7.0 to 5.5 (< 0.025 cm-1), had a maximum value around pH 5.25, decreased 
from pH 5.5 to 4.5, and then increased slightly at lower pH values.  The maximum value 
observed around pH 5.25 suggests that the most extensive biopolymer aggregation 
occurred at this pH.  Noting that the turbidity of β-Lg-pectin mixtures was virtually 
identical to the turbidity of β-Lg alone for both LMP and HMP at this pH (Figure 4.2), 
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we propose that complexation was relatively weak at this pH, and so the protein 
molecules were either free, or could readily dissociate from the pectin molecules during 
heating, leading to some protein aggregation.  At pH 3.5, Figure 4.2 suggests the 
formation of an insoluble complex for 0.02 and 0.05 % pectin, the same conditions that 
produce high turbidity upon heating.  The increase in protein aggregation observed when 
the pH during heating was altered from pH 4.5 to 3.5, may have been because the 
magnitude of the electrical charge on the protein-polysaccharide complexes was reduced 
(Figure 4.3b), thereby reducing the electrostatic repulsion between the complexes.  
The protein solutions containing LMP exhibited somewhat similar behavior to 
those containing HMP (Figure 4.6a):  the turbidity was relatively low from pH 7.0 to 5.5, 
had a maximum value around pH 5, decreased from around pH 5 to 4.5, and then either 
increased or decreased at lower pH values depending on pectin concentration. 
Nevertheless, there were some differences in the aggregation behavior of the samples 
containing the different kinds of pectin (Figures 4.6a and 4.6b).  First, there were 
appreciable differences in the degree of aggregate formation in the pH range from 4.5 to 
3.5.  At 0.01 and 0.02 wt% LMP, there was a slight decrease in turbidity from pH 4.5 to 
3.5, whereas there was an increase for the HMP samples.  On the other hand, at 0.05 and 
0.1 wt% LMP, the increase in turbidity from pH 4.5 to 3.5 was considerably greater than 
observed in the HMP samples.  It seems reasonable to propose that complexes formed 
with the higher charge density pectin are more tightly bound and hence form desolvated 
aggregates, so that heating leads to more dense precipitates. In addition, there was less 
aggregate formation after heating at pH 3.5 to 4.5 in the samples containing LMP than 
before heating (compare Figures 4.2a and 4.6a).  A possible explanation of this 
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phenomenon is that heating led to some protein aggregation, which reduced the number 
of exposed cationic groups on the proteins surface available to interact with the 
negatively charged pectin molecules.  This would have altered the stoichiometry of the 
protein-polysaccharide complexes, which may have changed the tendency for charge 
neutralization and bridging to occur, and therefore the nature of the aggregates formed.  
A second difference between the samples containing different pectin types was that the 
maximum in the turbidity – pH profiles occurred at a somewhat lower pH for some of the 
LMP samples compared to the HMP samples.  For example, the maximum occurred at 
pH 5.25 for all the HMP samples (0.01 to 0.1 wt% pectin) and for the high LMP 
concentration samples (0.05 and 0.1 wt% pectin), but occurred at pH 4.75 or 5.0 for the 
lower concentration LMP samples (0.01 and 0.02 wt% pectin).  Again, this may be 
attributed to changes in the nature of the stoichiometry of the protein-polysaccharide 
complexes formed after heating. 
Protein solutions containing carrageenan (Figure 4.6c) showed some similarities 
to the solutions containing LMP (Figure 4.6a).  However, more turbidity was noted at 
higher pH values (< 4.5) at the low polysaccharide concentrations, 0.01 and 0.02 %.  This 
can be related to the near-positive particle charges detected in these low-concentration 
systems below pH 4.5 (Figure 4.3c), which may be attributed to more complete 
association of the negative carrageenan charges and positive protein charges.  There was 
also no peak in turbidity near pH 5.0 at any polysaccharide concentration, as was noted 
for the two types of pectin (Figures 4.6a and 4.6b).  The greater charge density of 
carrageenan compared to either of the pectins allowed more complexation at higher pH 
values, although this was not directly evidenct from the ζ-potentials of β-Lg-carrageenan 
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solutions above pH 5.0 (Figure 4.3c).  Once again, rearrangement of protein during 
thermal denaturation likely contributed a change in the nature of stoichiometry between 
the carrageenan and protein, providing added resistance to protein aggregation at these 
higher pH values.   
Visual observation of the biopolymer solutions after heating showed that optically 
turbid suspensions stable to sedimentation after 24 hours storage were formed at pH 
values where the measured turbidity was relatively low (< 0.4 cm-1), but that white 
sediments formed at the bottom of the tubes at higher turbidity values, an observation 
consistent with the correlation between tight binding, high turbidity and desolvation 
mentioned above.  These results suggest that relatively stable suspensions of small 
biopolymer particles can be formed by heating protein-polysaccharide complexes at a pH 
of 4.75 for 0.05 wt% polysaccharide.  We therefore used these conditions to prepare 
biopolymer particles in the subsequent studies.   
4.4.3 pH and salt stability of biopolymer particles formed by heating 
The objective of these experiments was to determine the pH and salt stability of 
biopolymer particles formed by heating protein and polysaccharide mixtures together.  
Initially, we formed suspensions of biopolymer particles by heating β-Lg (0.1 wt%) and 
pectin (0.05 wt% LMP, HMP, or carrageenan) solutions together at pH 4.75 (83 ºC, 15 
minutes), then cooling them to room temperature.  We then adjusted the pH and/or ionic 
strength and examined the stability of the biopolymer particles to aggregation using 
turbidity and dynamic light scattering measurements. Biopolymer suspensions formed in 
the absence of NaCl were turbid and contained relatively small biopolymer particles (d = 
150 to 300 nm) in the pH range from 4 to 7 (Figures 4.7 and 4.8).  The stability to 
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sedimentation and milky appearance can be attributed to their relatively small particle 
size.  The progressive decrease in the mean particle diameter and turbidity of biopolymer 
suspensions when the pH was adjusted from 4 to 7, suggested that the heat-induced 
aggregates may have dissociated somewhat at higher pH values.  The origin of this effect 
may have been the electrostatic repulsion between protein molecules and anionic pectin 
molecules at pH values where the proteins were negatively charged (i.e., pH > pI).   
When the pH was reduced from 4 to 3, there was a large increase in turbidity (Figure 4.7) 
and mean particle diameter (Figure 4.8), as well as the rapid formation of a sediment at 
the bottom of the tubes (data not shown), indicating that extensive aggregation of the 
biopolymer complexes occurred.  The physicochemical origin of this effect can be 
attributed to the reduction in net charge on biopolymer particles formed by heating β-Lg-
pectin complexes when they are adjusted to low pH values before thermal treatment, 
thereby reducing the electrostatic repulsion between them (333)  The biopolymer 
suspensions formed using either LMP, HMP or carrageenan had similar turbidity and 
particle size versus pH profiles (Figures 4.7 and 4.8), suggesting that there was little 
impact of polysaccharide type on aggregate formation once the biopolymer particles had 
been formed by heating.   
The addition of 200 mM NaCl to the biopolymer suspensions caused appreciable 
changes in the pH dependence of their aggregation properties (Figures 4.7 and 4.8).  The 
mean particle size and turbidity of the biopolymer particle suspensions were appreciably 
less in the presence of salt at pH values < 5 for LMP, HMP and carrageenan, but were 
slightly higher at pH values > 5 (Figures 4.7 and 4.8).  The ability of salt added after 
heating to improve the pH stability of biopolymer particles was also found in an earlier 
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study using HMP and β-Lg (255).  In that study, it was found that salt added after heating 
of the HMP/β-Lg complex greatly improved biopolymer particle stability, while salt 
added prior to heating caused extensive particle aggregation and sedimentation.  Similar 
results have also been found for polymer-surfactant complexes, where intermediate salt 
concentrations were found to improve complex solubility (334, 335).  The presence of 
200 mM NaCl would have greatly reduced the magnitude and range of the electrostatic 
interactions in the mixed biopolymer systems.  These electrostatic interactions may be 
attractive (e.g., between positive patches on the protein surface and negative groups on 
the pectin backbone) or repulsive (e.g., between similarly charged biopolymer groups, 
molecules, or complexes).  The fact that the biopolymer particles were smaller in the 
presence of salt suggests that either the attractive electrostatic forces holding them 
together were weakened leading to some particle dissociation, or the repulsive 
electrostatic forces between similarly charged molecules in the complexes were 
weakened leading to some contraction.   
In the presence of salt, the mean particle size and turbidity of the biopolymer 
suspensions formed using HMP or carrageenan were considerably lower than those 
formed using LMP at all pH values (Figures 4.7 and 4.8).   The ability of HMP to form 
more stable biopolymer particles than the more highly charged LMP may be attributed to 
differences in the molecules interactions in the two systems.  Predictions made using self-
consistent-field theory indicate that extensive electrostatic interactions between protein 
and polysaccharide molecules promote extensive macromolecular aggregation (336).  On 
the other hand, more localized interactions between protein and polysaccharide molecules 
leads to the formation of complexes of more limited size, because there are free segments 
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of biopolymers that promote complex repulsion through steric or electrostatic forces 
(336).  Added stability of the β-lg-carrageenan system did not follow the same trend as 
those with LMP.  This result could not be readily explained and requires future 
investigation. 
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Figure 4.7. Impact of final pH and salt (200 mM NaCl) on the turbidity of biopolymer 
particle solutions formed by heating 0.1% β-Lg and 0.05% anionic polysaccharide (pH 
4.75, 83 oC, 15 minutes): (a) 0 mM NaCl; (b) 200 mM NaCl. 
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Figure 4.8:  Impact of final pH and salt (200 mM NaCl) on the average diameter of 
biopolymer particles formed by heating 0.1% β-Lg and 0.05% anionic polysaccharide 
(pH 4.75, 83 oC, 15 minutes): (a) 0 mM NaCl; (b) 200 mM NaCl. 
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4.4.4 Composition of biopolymer nanoparticles formed by heating 
The composition of the biopolymer nanoparticles formed by heating protein-
polysaccharide mixtures together was measured to obtain insight into the possible 
mechanism for their formation.  At present, little is known about the molecular or 
physicochemical mechanisms that lead to the formation of these biopolymer particles.  β-
Lg molecules unfold and aggregate upon heating above their thermal denaturation 
temperature, which leads to the formation of biopolymer nanoparticles under appropriate 
solution conditions (337, 338).  On the other hand, pectin or carrageenan molecules do 
not self-associate upon heating.  One can therefore conclude that the thermally 
aggregated protein molecules are largely responsible for the relatively good pH stability 
of the biopolymer nanoparticles.  Nevertheless, anionic polysaccharides (pectin or 
carrageenan), through formation of electrostatic complexes with β-Lg, may alter its 
unfolding and aggregation behavior, as well as the interactions of any protein aggregates 
formed. Upon heating, a number of possible scenarios could occur: 
(i) Unfolding; Aggregation; Attached – Proteins unfold and aggregate while 
remaining attached to the polysaccharide chain, thus incorporating pectin or 
carrageenan into the resultant biopolymer particles. 
(ii) Unfolding; Aggregation; Detachment - Proteins unfold and aggregate while 
attached to the polysaccharide chains, but then the resulting biopolymer 
particles become detached, resulting in biopolymer particles consisting 
mainly of protein.   
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(iii) Unfolding; Detachment; Aggregation - Proteins unfold while attached to 
the polysaccharide chains, but then become detached and aggregate in 
solution, leading to biopolymer particles consisting predominantly of protein. 
(iv) Detachment; Unfolding; Aggregation - Proteins detach from 
polysaccharide chains upon heating, and then the proteins unfold and 
aggregate in solution forming biopolymer particles consisting predominantly 
of protein. 
 
The composition of the biopolymer particles formed by heating at pH 4.75 was 
investigated by analyzing polysaccharide and protein concentrations both before and after 
centrifugation (20,000 × g) (Table 4.1a).  The composition of biopolymer particles was 
also determined after the solution was adjusted from pH 4.75 to pH 7.0 (Table 4.1b).  
After centrifugation, all systems consisted of a slightly turbid or transparent upper phase 
and an off-white precipitate.  The concentration of protein and polysaccharide in the 
supernatant was measured, and then the composition of biopolymer particles was 
estimated by difference assuming that all particles sedimented and that centrifugation did 
not disturb particle structure.  The initial mixed biopolymer systems contained a total of 
0.1 wt% protein and 0.05 wt% pectin.  At pH 4.75, the biopolymer particles formed from 
LMP contained 0.006 wt% (12% of total) polysaccharide and 0.064 wt% (64% of total) 
protein, whereas those formed from HMP contained 0.003 wt% (5% of total) 
polysaccharide and 0.058 wt% (58% of total) protein and those formed with carrageenan 
contained 0.006 wt% (12% of total) polysaccharide and 0.04 wt% (40% of total) protein.  
This result suggests that an appreciable fraction of the different biopolymers (both 
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polysaccharide and protein) did not sediment after centrifugation, and that they remained 
in solution either as individual molecules or as soluble biopolymer complexes.  These 
measurements also indicate that the biopolymer particles consisted primarily of proteins.  
When the biopolymer suspension was adjusted from pH 4.75 to 7, the biopolymer 
particles prepared from LMP contained 0.000 wt% (0% of total) polysaccharide and 
0.024 wt% (24% of total) protein, whereas those formed from HMP contained 0.004 wt% 
(8% of total) polysaccharide and 0.046 wt% (46% of total) protein and those formed with 
carrageenan were composed of 0.005 wt% (10% of total) and 0.04 wt% (40% of total) 
protein.  These results indicate that the biopolymer particles formed with LMP at pH 7 
consisted almost entirely of protein, and those created with HMP and carrageenan were 
also mostly protein but did not differ from particles at pH 4.75.  The measurements of 
biopolymer particle composition suggest polysaccharide may guide protein aggregation 
but is not appreciably incorporated into the aggregates.  The residual polysaccharide 
detected in the sediment might imply a re-complexation of polysaccharide and protein 
along the exterior aggregate surface following thermal treatment.  A plausible secondary 
explanation is that centrifugation disturbed the equilibrium of created particles and 
changed the stoichiometric and configurational interactions between protein and 
polysaccharide, making this analysis misleading.  Further studies are needed to determine 
which of the mechanisms listed above provides the most likely explanation for 
biopolymer particle formation. 
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Table 4.1a:  Composition and properties of heated complexes between β-Lg and pectin 
before and after centrifugation (pH 4.75). 
 
 pH 4.75 
Solution 
Diameter 
(nm) 
ζ-Potential 
mV 
% Pectin 
(%w/w) 
% β-Lg 
(%w/w) 
LMP 
     
    Heated 191 ± 15 -38.5 ± 0.6 0.050 ± 0.003 0.100 ± 0.000 
    Supernatant 146 ± 1 -34.4 ± 2.9 0.044 ± 0.002 0.036 ± 0.006 
HMP 
     
    Heated 288 ± 9 -24.5 ± 0.7 0.050 ± 0.004 0.100 ± 0.000 
    Supernatant 227 ± 20 -23.8 ± 1.4 0.047 ± 0.002 0.042 ± 0.007 
Carrageenan 
    
    Heated 155 ± 31 -50.7 ± 1.3 0.050 ± 0.004 0.100 ± 0.000 
    Supernatant 131 ± 17 -51.1 ± 2.1 0.044 ± 0.003 0.060 ± 0.016 
 
Table 4.1b:  Composition and properties of heated complexes between β-Lg and pectin 
before and after centrifugation (pH 7.0). 
 
 pH 7.0 
Solution 
Diameter 
(nm) 
ζ-Potential 
mV 
% Pectin 
(%w/w) 
% β-Lg 
(%w/w) 
LMP 
     
    Heated 191 +/- 16 -24.7 +/- 1.1 0.048 +/- 0.002 0.093 +/- 0.003 
    Supernatant 151 +/- 15 -25.7 +/- 1.1 0.049 +/- 0.001 0.069 +/- 0.016 
HMP 
     
    Heated 209 +/- 24 -28.3 +/- 0.0 0.048 +/- 0.005 0.098 +/- 0.008 
    Supernatant 168 +/- 19 -24.0 +/- 5.4 0.046 +/- 0.004 0.051 +/- 0.012 
Carrageenan 
    
    Heated 153 ± 103 -44.6 ± 8.7 0.047 ± 0.002 0.098 ± 0.000 
    Supernatant 107 ± 44 -5.3 ± 4.2 0.045 ± 0.002 0.091 ± 0.010 
 
 
4.4.5 Colloidal characterization using AFM 
Finally, the structural properties of the biopolymer particles, formed with LMP or 
HMP, before and after thermal treatment were determined using atomic force microscopy 
(Figure 4.9).  Additionally, AFM images were analyzed to determine the average surface 
roughness of each system (Figure 4.10).  Before heating, the images of the protein-pectin 
mixtures appeared to be fairly uniform and grainy throughout, with the dimensions of the 
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structures observed being less than 100 nm.  After heating, spheroid particulates with 
lengths around 200 nm were observed in the images, a finding which corresponded 
closely to the particle diameters determined by dynamic light scattering (Figure 4.8). The 
particulates observed before and after heating were statistically different at a nanoscopic 
structural level (p < 0.001, n ≥ 60), as inferred from differences in their average surface 
roughness (Figure 4.10).  These results suggest that complexes formed prior to thermal 
treatment were loosely attached and dissociated upon preparation and analysis by AFM.  
However, complexes subjected to thermal treatment were resilient under the preparatory 
and analytical conditions, demonstrating yet again their improved stability. 
 
  
Figure 4.9:  AFM images of unheated and heated mixed protein
with 0.1% β-Lg and 0.05% pectin (heated at pH 4.75, 80 
are 3 µm × 3 µm error mode images.
141 
-polysaccharide systems 
oC, 20 minutes).  The images 
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Figure 4.10: Average surface roughness of β-lg – pectin mixtures before and after 
heating (pH 4.75, 83 oC, 15 minutes). 
 
4.5 Conclusions 
This study has shown that biopolymer particles can be formed by heating aqueous 
solutions of β-lactoglobulin and anionic-polysaccharide complexes (pH 4.75) above the 
thermal denaturation temperature of the protein (>80 ºC).  The size and stability of the 
biopolymer particles formed depends on the type of polysaccharide used, with high 
methoxy pectin giving smaller and more stable particles than low methoxy pectin. The 
biopolymer particles formed appear to consist primarily of aggregated protein molecules, 
but they are probably complexed with polysaccharide at pH values where there is a 
sufficiently strong electrostatic attraction between protein and polysaccharide (i.e., pH < 
pI).  The physicochemical mechanism for the formation of these biopolymer particles 
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during thermal treatment is currently unknown, and further work is required to establish 
whether protein unfolding and/or aggregation occur when the protein molecules are 
attached to polysaccharide chains or when they are released into the aqueous phase.  The 
biopolymer particles formed by heating proteins and polysaccharides together may be 
useful in the food and other industries as encapsulation and delivery systems or as lipid 
droplet mimetics.   
 
  
 144 
 
CHAPTER 5 
5 STABILITY OF BIOPOLYMER PARTICLES FORMED BY HEAT-
TREATMENT OF β-LACTOGLOBULIN/BEET PECTIN ELECTROSTATIC 
COMPLEXES TO PH, SALT, FREEZING, AND LYOPHILIZATION 
 
5.1 Abstract 
The purpose of this study was to examine the stability of biopolymer particles 
formed by heating electrostatic complexes of β-lactoglobulin and sugar beet pectin 
together (pH 5, 80 oC for 15 minutes).  The effects of electrostatic interactions on the 
formation and stability of the particles were investigated by incorporation of different salt 
levels (0 to 200 mM NaCl) during the preparation procedure.  Biopolymer particles were 
characterized by turbidity, electrophoretic mobility, dynamic light scattering, and visual 
observance.  Salt inclusion (≥ 25 mM) prior to heating β-lactoglobulin/pectin complexes 
led to the formation of large biopolymer particles (d > 1000 nm) that rapidly sedimented, 
but salt inclusion after heating (0 to 200 mM) led to the formation of biopolymer particles 
that remained relatively small (d < 350 nm) and were stable to sedimentation.  The 
biopolymer particles formed in the absence of salt remained stable over a wide range of 
pH values (e.g., pH 3 to 7 in the presence of 200 mM NaCl).  These biopolymer particles 
may therefore be suitable for application in a number of food products as delivery 
systems, clouding agents, or texture modifiers.  
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5.2 Introduction 
The formation and investigations on physical stability of protein-polysaccharide 
electrostatic complexes has usually been carried out at ambient temperatures.  Under 
these conditions, the biopolymer particles formed are highly unstable to subsequent 
changes in solution pH or ionic strength, e.g., a coacervate will dissociate when the pH or 
ionic strength is adjusted to weaken the electrostatic interactions (126, 339, 340).  In 
many food applications it would be advantageous to form biopolymer particles that 
remained stable after their preparation over a range of environmental conditions (e.g., pH, 
ionic strength, temperature).  It has been shown that biopolymer particles can be formed 
by heating globular protein-cationic polysaccharide electrostatic complexes above the 
thermal denaturation temperature of the protein in the literature (303, 304) and in the 
previous articles of this proposal.  Such particles were shown to remain intact when the 
pH was subsequently adjusted to values where the complexes would be expected to 
dissociate at ambient temperature.  In the present study, we further examine the stability 
of biopolymer particles formed by heating a globular protein (β-lactoglobulin) and an 
anionic polysaccharide (sugar beet pectin) under conditions where they form an 
electrostatic complex (pH 5).  In particular, we examine the impact of electrostatic 
interactions on the formation and properties of the biopolymer particles by varying the 
salt concentration and pH of the solutions.   
Reviews on associative complexes, β-lactoglobulin and sugar beet pectin may be 
found in the literature review and the first research article presented (I and II).  For 
information on these topics, please refer to those sections of this proposal. 
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Understanding the effects of ionic strength on the formation and properties of 
biopolymer particles formed by heating electrostatic protein-polysaccharide complexes is 
important because it determines the strength and range of electrostatic interactions within 
the system.  Addition of salts to this kind of system may modulate many different kinds 
of electrostatic interactions, including intra-molecular interactions (protein or 
polysaccharide), inter-molecular interactions (protein-protein, polysaccharide-
polysaccharide, protein-polysaccharide) and biopolymer particle-particle interactions.  In 
general, the effects of salts on biopolymer particle formation and stability are therefore 
likely to be complex and depend on the precise nature of the system, such as biopolymer 
types, biopolymer concentrations and solution pH.  For example, previous studies have 
shown that complex formation at ambient temperatures can be prevented, or even 
reversed, with the addition of high sodium concentrations due to weakening of 
electrostatic interactions (314, 341).  On the other hand, attractive interactions between 
oppositely charged polymers have been shown to increase in some systems when low 
levels of salt are added, but then decrease upon further salt addition (309).  The pH and 
ionic strength also plays a major role in determining the nature of protein aggregates 
formed when globular protein solutions are heated (311, 313, 331, 342).  Thin 
filamentous aggregates are formed when the strength of the electrostatic repulsion 
between globular proteins is relatively strong (pH far from pI, low ionic strength), which 
leads to the formation of transparent solutions.  On the other hand, particulate aggregates 
are formed when the strength of the electrostatic repulsion is relatively weak (pH ≈ pI, 
low ionic strength), which leads to the formation of optically opaque solutions.  Clearly, 
further work is needed to better understand the complex role of electrostatic interactions 
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in the formation of biopolymer particles by thermal treatment of protein-polysaccharide 
complexes.   
 
5.3 Materials and Methods 
5.3.1 Materials 
Purified β-lactoglobulin (β-Lg) powder (Lot# JE003-3-922) was kindly donated 
by DaVisco Foods International (BioPURE Beta-lactoglobulin, Eden Prairie, MN).  The 
composition of the powder as reported by the manufacturer was 97.4% Total Protein, 
92.5% beta-lactoglobulin, and 2.4% Ash.  A commercial sample of Beet Pectin 
(Lot#00604055) was donated by Herbstreith & Fox KG (Pectin BetaPEKT RU301, 
Neuenburg/Württ, Deutchland).  Sodium azide, used as a preservative, was purchased 
from Sigma Chemical Co. (minimum purity 99.5%, FW 65.01, 26628-22-8, St. Louis, 
MO).  All materials were used directly from the sample containers without further 
purification.  All solutions were created with double-distilled/de-ionized water, created 
with a filtration unit on-site.  Hydrochloric Acid solutions were created from a 12.1N 
hydrochloric acid solution (37.3%, 1.19 spec. gravity, A144-212, Lot#040697, Batch# 
03K0004, Fisher Scientific, Fairlawn, NJ).  Sodium hydroxide solutions were created 
from a prepared 1 N sodium hydroxide solution.  Solid sodium hydroxide was obtained 
from Sigma Chemical Co. (FW 40.00, S318-1, UN1823, CAS 1310-73-2, Lot#043938, 
Fairlawn, NJ). 
5.3.2 Biopolymer Solution Preparation 
In an earlier study, we found that relatively stable biopolymer particles could be 
formed by heating a mixture of β-Lg (0.5 wt%) and beet pectin (0.1 wt%) in the absence 
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of added salt at pH 5 (80 oC for 15 minutes).  The biopolymer particles formed were 
relatively small (d ≈ 300 nm), anionic (ζ ≈ -30 mV) and had good stability to 
sedimentation.  In this study, we wanted to examine the impact of electrostatic 
interactions on the formation and properties of these biopolymer particles by 
incorporating salt (NaCl) at different stages during the preparation procedure.   
β-Lactoglobulin (0.5 wt%, final) and beet pectin (0.1 wt%, final) powders were 
weighed and put into separate beakers for solubilization.  Prior to solvation, sodium azide 
was added to the powders as a preservative (0.02% w/w, final) and sodium acetate (10 
mM, final) was added as a buffer.  Solutions of each biopolymer were prepared by adding 
water, then stirring at room temperature for 3-5 hours at approximately 150 rpm (Corning 
Stirring Hotplate PC-220, Lowell, MA), followed by an over-night soaking period 
without stirring.  Both protein and polysaccharide solutions were adjusted to pH 7.0 using 
1.0 N and 0.1 N sodium hydroxide solutions prior to mixing.  The protein and 
polysaccharide solutions were then mixed at pH 7 to form a mixed system containing 0.5 
wt% β-lactoglobulin and 0.1 wt% pectin.   
The pH of the mixed solution was then adjusted to pH 5 using 1.0 N, 0.1 N, and 
0.01 N hydrochloric acid solutions.  Proton conductivity values were measured using a 
pH/mV measurement unit (UB-10 “Ultrabasic”, Denver Instruments, Denver, CO), 
calibrated daily prior to use.  The samples were adjusted to pH 5 because preliminary 
experiments in our laboratory showed that protein-polysaccharide complexes form at this 
value, which are suitable for forming stable biopolymer particles upon heating (see 
above).  In the present study, we examined the effect of adding different levels of NaCl (0 
to 200 mM) to the protein-polysaccharide solutions at different stages in the preparation 
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procedure in order to examine the effects of electrostatic interactions on biopolymer 
particle formation.  The impact of when the salt was added to the system relative to pH 
adjustment (before or after) and thermal processing (before or after) was examined: 
 
S-pH: Salt added at pH 7, then sample adjusted to pH 5.  
S-pH-H: Salt added at pH 7, then sample adjusted to pH 5, then heated. 
pH-S: Sample adjusted from pH 7 to pH 5, then salt added. 
pH-S-H: Sample adjusted from pH 7 to pH 5, then salt added, then heated. 
pH-H-S: Sample adjusted from pH 7 to pH 5, then heated, then salt added. 
 
The heat-treatment involved holding the solutions (pH 5) at 80 oC for 15 minutes in a 
water bath.  Heated solutions were then allowed to cool to room temperature and held 
overnight prior to subsequent treatments or analysis.  The order of the symbols in the 
sample codes reflects the order of the various treatments: S = Salt addition; pH = pH 
adjustment from 7 to 5; H = Heat treatment. 
5.3.3 pH and Salt Stability 
The objective of this series of experiments was to examine the influence of pH 
and salt concentration on the stability of biopolymer particles formed by preparing a 
solution containing β-lactoglobulin (0.5 wt%) and beet pectin (0.1 wt%) at pH 7, then 
adjusting it to pH 5, then heating it at 80 °C for 15 minutes (pH-H-S).  Biopolymer 
particle suspensions with different pH (2 to 7) and salt concentrations (0 to 200 mM 
NaCl) were prepared by adding different levels of hydrochloric acid, sodium hydroxide 
and sodium chloride to the suspensions prepared at pH 5 in the absence of salt.   
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5.3.4 Freezing 
Certain heated complex samples were selected for a frozen storage test, which 
involved placing the samples in a -40oC chest freezer for time periods of 3 or 8 days.  
Allotments of sodium chloride or sucrose were added to select solutions prior to freezing.  
After the storage allotment, samples were thawed at room temperature overnight and 
analyzed the following morning. 
5.3.5 Lyophilization 
Many of the heated complex samples were selected for a lyophilization procedure 
using a (Consol 12LL, Virtis Company Inc.; Gardiner, NY), located in the UMass pilot 
plant facility.  Prior to lyophilization, sodium chloride and/or sucrose were added, as 
appropriate, and samples were frozen at -40oC overnight.  The lyophilization unit was 
equilibrated at -35oC before sample loading, followed by an initial vacuum application.  
Upon achievement of 150mTorr or less, the temperature was brought up to -0.1oC for a 
period of approximately 25 hours.  Samples were then removed and placed in a dessicator 
for specified time lengths of:  0 hours, 1 day, and 7 days.  Following storage, samples 
were solubilized to their original volume using an acetate buffer (pH 5.0).   
5.3.6 Particle Characterization 
5.3.6.1 Turbidity Measurements.   
The formation of biopolymer particles large enough to scatter light was monitored 
by turbidity measurements.  Biopolymer particle suspensions were allowed to equilibrate 
at ambient temperature for 18-24 hours prior to analysis.  Solution turbidity was then 
analyzed using an UV/visible light spectrophotometer set at 600 nm (Ultraspec 3000 pro, 
Biochrom Ltd., Cambridge, UK).  Distilled water was used as a blank reference.  Sample 
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cuvettes were composed of quartz with a cell path length of 1.0 cm.  Sample solutions 
were vortexed for 2-3 seconds to ensure homogeneity prior to insertion into the 
spectrophotometer.   
5.3.6.2 Particle Size and Charge Measurements.   
Particle size distributions and charges were determined using a commercial light 
scattering device (Nano-ZS, Malvern Instruments, Worcestshire, UK).  Mean particle 
diameters were determined by dynamic light scattering and are reported as “Z-averages”, 
which are calculated from the signal intensity versus particle size data normalized to size 
increments using Mie Theory.  Typically, unheated solutions were multi-modal having 
two or three peaks, whereas heated solutions were monomodal.  The ζ-potential of 
particles was determined from electrophoretic mobility measurements.   
5.3.7 Statistical Analysis 
The mean and standard deviations were calculated from repetitions on two or 
three freshly made samples.   
 
5.4 Results and Discussion 
5.4.1 Impact of Sodium Chloride Levels on Particle Formation/Stability 
Mixed biopolymer solutions were prepared to test the effects of salt addition on 
the formation and properties of protein-polysaccharide complexes.  Sodium chloride (0 to 
200 mM) was added at different points in the preparation procedure (Figure 5.1) to 
determine its effect upon biopolymer interactions, complex formation and biopolymer 
particle stability.  The particles formed were then characterized by turbidity, particle size, 
electrophoretic mobility and visual observation measurements.   
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The electrophoretic mobility measurements clearly showed that a β-lactoglobulin 
/ pectin complex was formed at pH 5, since the ζ-potential of the biopolymer particles in 
the mixed system (-27 ± 4 mV) was intermediate between that of the pure protein (-11 ± 
7 mV) or pure polysaccharide (-41 ± 7 mV) at the same pH.  The turbidity of the 
unheated samples (S-pH and pH-S) remained relatively low at all salt concentrations, 
which suggests that they contained complexes that did not scatter light strongly (Figures 
5.1 and 5.2).  However, the turbidity of the unheated samples did decrease slightly with 
increasing sodium chloride concentration, which suggests that salt may have caused some 
dissociation of the complexes by weakening electrostatic interactions.  All the heated 
samples were much more turbid than the unheated samples (Figures 5.1 and 5.2), 
suggesting that the heating step promoted aggregate formation.  The nature of the 
aggregates formed depended on the stage where the salt was incorporated into the system.  
When salt was added prior to heating, either at pH 7 (i.e., before complex formation – S-
pH-H) or at pH 5 (i.e., after complex formation – pH-S-H), there was an appreciable 
increase in sample turbidity from 0 to 50 mM NaCl, followed by an appreciable decrease 
from 50 to 200 mM NaCl (Figure 5.1).  The overall appearance of the samples after 
storage was also highly dependent on salt concentration (Figure 5.2).  From 0 to about 25 
mM NaCl, the samples had a milky appearance throughout the tubes, but at higher salt 
concentrations there was clear evidence of white sediment at the bottom of the tubes.  
When the salt was added after heating (pH-H-S), there was no change in turbidity (Figure 
5.1) or general appearance (Figure 5.2) of the biopolymer particle suspensions with 
increasing NaCl concentration.  In particular, there was no evidence of sediment 
formation in any of the samples to which salt was added after heating.   
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The mean diameter of the biopolymer particles was determined for heat-treated 
samples with different sodium chloride concentrations.  These results support the 
turbidity measurements reported above.  When salt was added prior to heating (pH-S-H 
or S-pH-H), relatively small biopolymer particles were formed at NaCl ≤ 25 mM, but 
much larger aggregates were formed at higher salt levels (Table 5.1).  When salt was 
added after heating the complexes (pH-H-S), there was no appreciable change in mean 
particle size with salt concentration (Table 5.1).   
 
Table 5.1. Mean particle diameters (Z-averages) of β-Lg/beet pectin mixtures (pH 5) 
with different NaCl concentrations and heat treatments.   
 
NaCl (mM) Mean Particle Diameter (nm) 
 S-pH-H* pH-S-H* pH-H-S* 
0 315 ± 6 317 ± 12 319 ± 10 
10 329 ± 13 322 ± 5 307 ± 9 
25 332 ± 34 534 ± 162 300 ±  11 
50 > 1000 > 1000 299 ± 15 
100 > 1000 > 1000 353 ± 63 
150 > 1000 > 1000 335 ± 24 
200 > 1000 > 1000 331 ± 37 
 
*: The order of the symbols in the sample annotation reflects the order of the various 
treatments: S = Salt addition; pH = pH adjustment from 7 to 5; H = Heat treatment 
(80 ºC for 15 minutes) 
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These results suggest that biopolymer particles formed by heating β-lactoglobulin 
/ pectin complexes in the absence of salt remain stable once salt is added afterwards (0 to 
200 mM NaCl), but biopolymer particles formed by heating in the presence of salt 
undergo extensive aggregation above a critical salt level (∼ 25 mM NaCl).  These 
observations may be explained in terms of the various effects of salt on the nature and 
interactions of the biopolymer particles formed.  Changing the salt concentration of the 
solution will alter the electrostatic interactions between the protein and polysaccharide 
molecules that make up the individual complexes, as well as between the biopolymer 
particles formed.  At low salt concentrations (e.g., 0 mM NaCl), there will be a strong 
electrostatic attraction between β-lactoglobulin and beet pectin (which favors complex 
formation), and a strong electrostatic repulsion between individual biopolymer particles 
(which opposes particle aggregation).  Conversely, at high salt concentrations (e.g. > 25 
mM), there will be a weakened electrostatic attraction between β-lactoglobulin and beet 
pectin (which opposes complex formation), and a weakened electrostatic repulsion 
between individual biopolymer particles (which favors particle aggregation).  The 
weakened interaction between protein and polysaccharide at high salt levels is supported 
by the observed decrease in turbidity that occurs with increasing salt concentration in the 
absence of heating, i.e., S-pH and pH-S samples (Figures 5.1 and 5.2). The observation 
that biopolymer particles formed by heating in the absence of salt, subsequently have 
good stability to high salt levels (i.e., 200 mM NaCl) is interesting (Figures 5.1 and 5.2, 
Table 5.1).  We hypothesize that the biopolymer particles formed consist of an 
aggregated protein/polysaccharide core with pectin chains dangling out.  The pectin 
molecule has an anionic backbone with non-ionic side chains, so the chains that dangle 
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out could be non-ionic (343).  Consequently, the biopolymer particles formed would have 
good stability to salt because they would largely be stabilized by steric interactions.  
Nevertheless, it is clear that further work is required to establish the morphology of the 
biopolymer particles formed, as well as to determine the major interactions that hold 
them together. 
 
 
 
Figure 5.1:  Turbidity of β-Lg/beet pectin mixtures with different NaCl concentrations 
and heat treatments*.  
 
*: The order of the symbols in the sample annotation reflects the order of the various 
treatments: S = Salt addition; pH = pH adjustment from 7 to 5; H = Heat treatment 
(80 ºC for 15 minutes). 
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5.4.2 Impact of pH and Salt on Biopolymer Particle Stability 
Once it was established that small stable biopolymer particles could be formed if 
salt was added after acidification and heating (i.e. pH-H-S), further investigations were 
performed only on these systems.  Biopolymer particles were formed by preparing a 
solution containing β-Lactoglobulin (0.5 wt%) and beet pectin (0.1 wt%) at pH 7, then 
adjusting it to pH 5, and then heating it at 80 °C for 15 minutes.  The impact of 
subsequent change in pH and addition of salt on the stability of these particles was then 
determined. 
Biopolymer particle suspensions were prepared at pH 5, and then adjusted either 
upwards to pH 7 or downwards to pH 2.  The pH-dependences of the turbidity and mean 
particle size were determined for suspensions containing 0, 100, and 200 mM NaCl 
(Figures 5.3 and 5.4).  Turbidity and particle size data indicated that the biopolymer 
particles were stable to dissociation or aggregation across the pH range 4 to 7 for all salt 
concentrations (Figs 5.3a and 5.4).  In the unsalted system (0 mM NaCl), there was a 
large increase in turbidity and mean particle size when the pH was decreased below about 
4, which indicated that appreciable particle aggregation occurred.  In the absence of salt, 
one would expect the electrostatic interactions to be strengthened, e.g., the attraction 
between protein and polysaccharide molecules within complexes, as well as the repulsion 
between different biopolymer particles.  An increase in the particle-particle repulsion 
would be expected to stabilize a system against aggregation, and so we can infer that the 
observed destabilization was probably a result of changes in the intermolecular protein-
polysaccharide interactions.  For example, the β-lactoglobulin-pectin complex may be 
less densely packed at high salt concentrations, which means that there is better steric 
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stabilization of the biopolymer particles.  At the highest salt concentration (200 mM 
NaCl), the biopolymer particles did not show a large increase in turbidity or particle size, 
indicating that they were stable to aggregation across the whole pH range.  The system 
containing 100 mM NaCl, showed some evidence of particle aggregation over a narrow 
pH range (pH 2.4 - 2.8).  There was an appreciable decrease in turbidity below pH 2.5 in 
all of the samples, which suggests that some of the biopolymer particles dissociated.  This 
may have occurred because pectin loses its negative charge in this pH range (pKa ∼ 3.5), 
thereby weakening the electrostatic attraction between the protein and polysaccharide 
molecules.  In addition, the positive charge on the protein molecules increases with 
decreasing pH, so the electrostatic repulsion between them increases, favoring their 
dissociation. 
Further insights into the role of the protein in determining the pH stability of the 
complexes were obtained by carrying out similar experiments as those described above, 
but in the absence of pectin (Figure 5.3b).   Turbidity measurements indicated that large 
protein aggregates were present from pH 2.8 to 7.0, but that these aggregates dissociated 
somewhat at lower pH values, particular for the sample with 0 mM salt.  This may have 
occurred because of the increased electrostatic repulsion between the protein molecules at 
low pH mentioned above.   
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Figure 5.3:  Turbidity Values of Denatured Solutions (Experiment 4) with added 0, 100, 
and 200mM NaCl adjusted to pH values above and below 5.0 with (a) β-Lg/BP Mixture, 
or (b) pure β-Lg solutions.  
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Figure 5.4:  pH dependence of the mean particle diameters of biopolymer particles 
formed by heating β-Lg/beet pectin mixtures (pH 5) and then adding salt (pH-H-S).  
 
 
5.4.3 Impact of Freezing and Lyophilization on Heated Complexes at pH 5.0 
In this set of experiments, heated complex solutions and heated protein solutions 
were frozen at -40oC, some including sodium chloride (200mM, final) and/or sucrose 
(10% w/w, final).  Portions of the frozen samples were taken on the second day and 
lyophilized to fully remove sample moisture.  After a week storage period, samples were 
thawed or resolubilized in 10mM acetate buffer (pH 5.0) and analyzed through turbidity, 
ζ-potentiometry, and dynamic light scattering.  These results are found in Figures 5.5 to 
5.7, below.  All protein/polysaccharide mixtures appeared to be stable, with perhaps some 
precipitate evident in the bottom portions of a few.  All pure β-lactoglobulin solutions 
were fully precipitated, although some pictures show slight disturbance of the sediment.   
100
1000
10000
100000
2 3 4 5 6 7
Z-
Av
er
a
ge
 
D
ia
m
et
er
 
(n
m
)
pH
Figure 5.4
0 mM
100 mM
200 mM
 161 
 
To investigate the sample consistency after one week of storage, frozen samples 
were thawed in a water bath at 25 oC and the turbidity was measured (Figure 5.5).  A 1:10 
in situ dilution was used for enhanced visualization and comparison with prior diluted 
samples.  Lyophilized samples were also analyzed by turbidity following resolubilization 
in acetate buffer (Figure 5.5).  For both lyophilization and freezing, there appeared to be 
little change to solution turbidity after the storage period.  Pure protein solutions became 
slightly more turbid due to enhanced denaturation and precipitation.     
These stored solutions were also analyzed by charge mobility shortly after 
turbidity measurements (Figure 5.6).  There were not many important differences here, 
with pure protein solutions and the lyophilized mixtures solution without additives 
largely invalid due to precipitation.  Such precipitation prevents viable mobility 
measurements.  However, it was seen that sucrose addition increased the zeta-potential 
towards zero mobility, regardless of storage method.   
Particle size of the frozen and lyophilized samples was measured simultaneously 
with the ζ-potential (Figure 5.7).  Reinforcing the turbidity results, the pure protein 
solutions displayed large particle sizes indicative of large-scale aggregation.  On the other 
hand, protein-polysaccharide mixtures showed fairly consistent size distributions for both 
frozen and lyophilized processes when compared to the untreated samples.  The only 
exception to this was the lyophilized mixtures that contained no additives, as they 
displayed occasional precipitation and a more polymodal size distribution.  There seemed 
to be a slight decrease in particle size with the inclusion of salt and/or sucrose.    
Frozen and lyophilized samples were analyzed using ANOVA statistical analyses 
with operating variables of: processing, additive type, and time.  The type of processing 
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(e.g. dried v frozen) revealed no significant differences in turbidity, zeta-potential, or 
particle sizes (p > 0.05).  No significant differences were found between the storage times 
tested (24 hours, 48 hours, and 1 week), as well (data not shown).  Among frozen 
samples, the addition of sucrose significantly reduced turbidity, ζ-potential, and particle 
size.  Sucrose had no effect on lyophilized samples.  Salt addition had no significant 
effect on particulate characteristics in either processing method. 
Removal of heat (i.e. freezing) may induce a denaturation phenomenon among 
globular proteins.  This phenomenon is exothermic because of a stronger interaction 
between water and interior amino acid residues, yet is associated with a loss in entropy 
(344).  Both frozen and lyophilized samples likely experienced these effects, 
exacerbating the precipitation of protein.  This cold denaturation may be reduced by 
increasing protein concentration, decreasing pH, and utilizing stabilizers such as sucrose 
(345). 
 Sucrose is a well known cryo-protectant and may be used to prevent cold-
denaturation (345).  It has also had prior success in structural protection of freeze-dried 
β-lactoglobulin samples (346).  Sucrose has been found to decrease the gel structure of 
whey proteins in high pressure conditions, possibly through the prevention of disulfide 
linkages and non-covalent interactions (He et al., 2006).  This could imply that sucrose is 
blocking cold denaturation interactions among the protein portions.  Alternatively, anti-
aggregative effects of sucrose may be related to its viscosifying properties (Kulmyrzaev 
et al., 2000).  Increased viscosity might also explain the changes to ζ-potential to samples 
including this additive.   
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Figure 5.5.  Turbidity of frozen and lyophilized heated complex or protein solutions after 
1 week of storage followed by a thawing/resolubilization period. 
 
 
Figure 5.6.  ζ-Potential of lyophilized and frozen heated complex or protein solutions 
after 1 week of storage. 
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Figure 5.7.  Average particle size of lyophilized and frozen heated complex or protein 
solutions after 1 week of storage. 
 
 
5.5 Conclusions 
This study showed that biopolymer particles could be formed by heating aqueous 
solutions of β-lactoglobulin and beet pectin complexes (pH 5) above the thermal 
denaturation temperature of the protein (80 ºC).  The salt concentration and order of 
addition (relative to heating) had a major impact on the properties and stability of the 
biopolymer particles formed, which was attributed to the ability of salt to modulate the 
various electrostatic interactions in the system, e.g., biopolymer-biopolymer and particle-
particle interactions.  Biopolymer particles formed by heating the protein and 
polysaccharide complexes in the absence of salt, had good stability to subsequent pH 
adjustments (3 to 7) and salt addition (0 to 200 mM). On the other hand, extensive 
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biopolymer aggregation and sediment formation occurred in solutions heated in the 
presence of salt (> 25 mM).  The stable biopolymer particles formed by heating in the 
absence of salt may be useful in the food industry as delivery systems or as fat droplet 
mimetics.   
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CHAPTER 6 
6 THERMAL ANALYSIS OF β-LACTOGLOBULIN COMPLEXES WITH 
PECTINS OR CARRAGEENAN FOR PRODUCTION OF STABLE 
BIOPOLYMER PARTICLES 
 
6.1 Abstract  
Biopolymer nanoparticles can be formed by thermal treatment of electrostatic 
complexes of globular proteins and anionic polysaccharides.  The purpose of this study 
was to provide insights into the physicochemical origin of biopolymer particle formation 
using differential scanning calorimetry (DSC) and temperature scanning turbidity 
measurements.  DSC measurements indicated that high methyoxl pectin (HMP), low 
methyoxl pectin (LMP) and carrageenan (C) had little impact on the thermal denaturation 
temperature of β-lactoglobulin (Tm ~ 78oC) at pH 4.75, where electrostatic complexes are 
formed.  Temperature scanning turbidity measurements indicated that extensive 
biopolymer aggregation occurred above Tm for β-lactoglobulin-pectin systems, but not 
for β-lactoglobulin-carrageenan systems.  This difference was attributed to the greater 
strength of the attractive electrostatic interactions between the protein and carrageenan 
molecules, compared to the protein and pectin molecules.  The biopolymer particles 
formed by heating β-lactoglobulin-pectin complexes were relatively stable to 
association/dissociation from pH 3 to 7 for HMP and from pH 4 to 7 for LMP, whereas 
the β-lactoglobulin-C complexes were highly unstable to pH changes.  The β-
lactoglobulin-pectin nanoparticles (d = 200 – 300 nm) may therefore be useful as natural 
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delivery systems or fat replacers in the food, pharmaceutical, cosmetic and other 
industries. 
 
6.2 Introduction 
This study involves the use of associative complexes in the formation of 
biopolymer particles through thermal processing.  Food-grade particles, associative 
complexes, and general information on β-lactoglobulin and pectin were covered in the 
literature review (Chapter 2). 
The purpose of the present study was to examine the behavior of protein-
polysaccharide electrostatic complexes during heating so as to better understand the 
factors that determine the formation of biopolymer nanoparticles.  In this study, we used 
β-lactoglobulin (β-Lg) as a model globular protein, and pectin and carrageenan as model 
anionic polysaccharides.  β-lactoglobulin (β-Lg) is the dominant globular protein found 
in whey (347), and its molecular and physicochemical properties have been well 
documented (47).  β-Lg has a molecular weight of 18.4 kDa, an isoelectric point (pI) of 
5.2 and a thermal denaturation temperature (Tm) of ≈ 70 ºC (348).  At ambient 
temperatures, native β-Lg molecules can exist in various quaternary structures (e.g., 
monomers, dimers, octomers) depending on solution pH and ionic composition.  When β-
Lg is heated any oligomers tend to dissociate into monomers (72).  This is followed by a 
partial loss in secondary structure above 70 oC (74), which exposes the hydrophobic core 
and internal cysteine residues normally buried in the globular protein interior (75).  Under 
appropriate pH conditions, intramolecular and intermolecular disulfide interchange 
reactions occur, which cause thermal denaturation and protein aggregation to be 
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irreversible.  The nature of the protein aggregates formed during heating depends on the 
heating conditions, solution pH, and ionic composition (331, 342, 349, 350).  Recent 
studies have shown that protein nanoparticles can be formed by heating β-Lg  solutions 
under controlled solution conditions (229, 251, 338).   
As mentioned earlier, under appropriate solution conditions polysaccharides will 
form electrostatic complexes with globular proteins at ambient temperature (310, 322), 
which may alter the ability of the protein to unfold and aggregate during heating.  
Consequently, it is possible to use polysaccharides to modulate the properties of the 
biopolymer particles formed by thermal treatment of globular protein-polysaccharide 
solutions.  Indeed, a number of recent studies have shown that polysaccharides can 
impact biopolymer particle formation during heating of globular protein solutions.  One 
study found that heating electrostatic complexes of a globular protein (ovalbumin) and a 
cationic polysaccharide (chitosan) led to the formation of biopolymer nanoparticles that 
were stable to further pH adjustments (162).  In our laboratory, we found that biopolymer 
nanoparticles based on β-lactoglobulin could be formed by heating them in the presence 
of either anionic or cationic polysaccharides, such as beet pectin (255), chitosan (163), 
citrus pectins and carrageenan (Jones et al 2009).  Nevertheless, there is still a relatively 
poor understanding of the physicochemical mechanisms that occur during the thermal 
treatment of protein-polysaccharide electrostatic complexes.  In this study, we have used 
differential scanning calorimetry and temperature-scanning turbidity measurements to 
provide some insights into the impact of polysaccharide type on protein unfolding and 
aggregation during thermal treatment. 
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Two different types of anionic polysaccharide (pectin and carrageenan) were used 
in this study to examine the impact of molecular characteristics on biopolymer particle 
formation during heat treatment of protein-polysaccharide electrostatic complexes.  
Pectins have a linear anionic backbone with regions with no side chains and “hairy 
regions” consisting of non-ionic side chains (93, 107).  On the other hand, carrageenans 
have a linear anionic backbone with no side chains (93, 351).  Within the pectin category 
we used two pectins with different degrees of esterification (DE 32% and 71%) to 
examine the impact of charge density on their complexation with β-Lg, and their ability 
to form biopolymer particles after thermal treatment.   
 
6.3 Materials and Methods 
6.3.1 Materials 
Purified β-lactoglobulin powder (Lot# JE003-3-922) was kindly donated by 
Davisco Foods International (BioPURE Betalactoglobulin, Eden Prairie, MN).  The 
reported composition of the powder was 97.4% Total Protein, 92.5% β-lactoglobulin, and 
2.4% Ash.  High-methoxyl pectin (Pretested HM Rapid Set, Lot# 506967, DE 71, <1% 
Ash) and Low-methoxyl pectin (Pretested LM 32, Lot# 507061, DE 32, <1% Ash) were 
donated by TIC Gums (Belcamp, MD).  Carrageenan (Lot# 20122150) was donated by 
FMC Biopolymer (Viscarin SD 389, Philadelphia, PA), and was reported to be a mixture 
of mostly iota- with some lambda- chains.  Hydrochloric acid solutions were created from 
a 12.1 N hydrochloric acid solution (Fisher Scientific, Fairlawn, NJ).  Sodium hydroxide 
solutions were created from solid sodium hydroxide (Sigma Chemical Co., St. Louis, 
MO).  Concentrated nitric acid was utilized as a cleaning solution for the VP-DSC 
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(Sigma Chemical Co., St. Louis, MO).  All materials were used directly from the sample 
containers without purification.  Solutions were created with double-distilled/de-ionized 
water, obtained from an on-site water purification unit.  Biopolymer solutions were 
filtered using cellulose filters with an 11 µm pore size (Whatman; Grade #1; Maidstone, 
UK) to remove any insoluble materials prior to use. 
6.3.2 Biopolymer Solution Preparation 
β-Lactoglobulin and polysaccharide powders were weighed into separate beakers 
for solubilization with a 10 mM acetate buffer solution.  The solutions were then stirred 
constantly at ambient temperature for 5-8 hours at 150 rpm, and then refrigerating 
overnight for use on the following day.  Protein and polysaccharide solutions were 
initially adjusted to pH 7.0 using 1.0 N and 0.1 N sodium hydroxide solutions before 
being mixed together.  After mixing, the final protein concentrations in the solutions were 
0.5%, while the polysaccharide concentrations were 0.25% (w/w).  Individual and mixed 
biopolymer solutions were adjusted to pH values below 7.0 using 1.0 N, 0.1 N, and/or 
0.01 N hydrochloric acid solutions.  Proton conductivity values were measured using a 
pH/mV measurement unit (UB-10 “Ultrabasic”, Denver Instruments, Denver, CO), 
calibrated daily prior to use.  All solutions were stirred at the desired pH for at least 30 
minutes before subsequent steps.  Samples were coarse-filtered prior to analysis to 
remove dust, contaminants, or large aggregates. 
6.3.3 Turbidity Measurements versus Temperature 
The turbidity of biopolymer solutions with increasing temperature was analyzed 
using a UV/visible spectrophotometer at 600 nm (Ultraspec 3000 pro, Biochrom Ltd., 
Cambridge, UK).  Sample cuvettes were composed of quartz with a cell path length of 
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1.0 cm.  Prepared and filtered sample solutions were inserted into the cuvette, followed 
by 3 drops of hexadecane to prevent excessive evaporation.  Distilled water was used as a 
blank reference.  Temperature scanning proceeded from 25 to 92 oC at a rate of 0.8 oC per 
minute.  Certain samples were scanned during cooling (92 - 25 oC) at a rate of 1.2 oC per 
minute.   
6.3.4 Differential Scanning Calorimetry 
Absorption or release of thermal energy from samples was tracked using a 
differential scanning calorimeter (VP-DSC; MicroCal, Northampton, MA).  Prepared and 
filtered sample solutions were degassed in a small degassing unit for 15-20 minutes at 20 
oC.  Degassed samples and buffer were injected into the sample and reference cells of the 
DSC, respectively, and then temperature scans were carried out from 15 to 95 oC at a rate 
of 1.0 oC per minute.   
6.3.5 pH Stability of Heated Complexes 
Protein-polysaccharide complex solutions (pH 4.75) were stirred for 30 minutes 
and placed inside 250-mL screw-capped Pyrex bottles with plastic sealing gaskets.  These 
bottled solutions were then heated in an 85 oC water bath for 18 minutes and allowed to 
cool at room temperature for 2 hours.  The samples attained an internal temperature of 
76-78 oC within 2-4 minutes of immersion under these conditions.  After overnight 
refrigerated storage, the solutions were stirred at room temperature for an additional 1.5 
hours.  Each sample was diluted 1:4 with double-distilled de-ionized water to a final 
weight of 100 grams.  Then, diluted samples were titrated with either 0.1N HCl or 0.1N 
NaOH using an automatic titration device (Titrando 835, Metrohm, Riverview, FL) with 
Tiamo computer software (v.1.2.1; Metrohm, Riverview, FL).  During titration, the 
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solutions were stirred with an impeller set at speed 6.  Step-wise addition of 0.1 mL acid 
or base was performed every 20 seconds.  Along with pH, the turbidity of the samples 
was measured during titration using a colorimetry probe (Brinkmann Fiber Optic Probe 
Colorimeter 950; Metrohm, Riverview, FL).   
6.3.6 Particle Size and Charge Measurements 
Particle sizes and charges were determined using a commercial dynamic light 
scattering and micro-electrophoresis device (Nano-ZS, Malvern Instruments, 
Worcestershire, UK).  The particle size data is reported as the Z-average mean diameter, 
while the particle charge is reported as the ζ-potential.   
6.3.7 Particle Morphology Measurements 
After complex production, samples were diluted with double distilled water 
(HPLC grade) 1:50 (v/v) and 2 µL aliquots were placed on a newly cleaved mica slide 
(PELCOTM Mica, 9.9 mm discs) attached to AFM 15 mm specimen discs using adhesive 
tabs (PELCOTM tabs, 12mm OD) purchased from TED PELLA Inc. (Redding, CA). 
Specimen slides were then covered and allowed to dry overnight, before being placed on 
the AFM table for scanning. The air dried mica specimens were scanned using a CP-II 
atomic force microscope (Veeco, Santa Barbara, CA) mounted with a silicone tip (Force 
constant 3 N/m, Multi75Al, TED PELLA Inc., Redding, CA). Scanning of various scan 
areas (5 × 5µm, 3 × 3µm and 1 × 1µm) was directed using the software associated with 
the AFM instrument (ProscanXP, version 1.9, Veeco, Santa Barbara, CA), which was 
operated in contact mode in air with a scan speed of 0.8 Hz. Images were generated based 
on the data obtained using the IP2 Image analysis AFM software (Version 2.1).     
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6.3.8 Statistical Analysis 
All measurements were performed on at least three freshly prepared samples and 
are reported as means and standard deviations.  For thermal analyses (turbidity-
temperature and DSC profiles), representative samples were presented with an indication 
of the scattering in the data.  Significant and highly significant differences, at the 0.05 
and 0.01 level, respectively, were determined by Dunnett’s Procedure for comparative 
analysis.  In these cases, mixtures with polysaccharides were compared against a control 
of pure β-lactoglobulin solution. 
 
6.4 Results and Discussion 
6.4.1 Impact of pH on Complexation Formation 
Initially, the impact of solution pH and polysaccharide type on protein-
polysaccharide complexation was investigated at ambient temperature (Figure 6.1a) and 
after thermal treatment (Figure 6.1b) in order to establish the optimum pH for forming 
heat-treated biopolymer particles.  In the absence of thermal treatment, the pure β-
lactoglobulin solutions showed a slightly increased turbidity between pH 4 and 5 (Figure 
6.1a), which can be attributed to protein aggregation induced by the relatively weak 
electrostatic repulsion between the β-lactoglobulin molecules near their isoelectric point.  
After heat treatment, the pure β-lactoglobulin solutions showed a greatly increased 
turbidity from pH 3.5 to 5.5 (Figure 6.1b), which can be attributed to extensive protein 
aggregation associated with the increased hydrophobic attraction between protein 
molecules when they are heated above their thermal denaturation temperature.   
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The unheated β-lactoglobulin – anionic polysaccharide solutions formed visibly 
clear solutions with relatively low measured turbidities at pH values ≥ 5 (Figure 6.1a) 
since both the protein and polysaccharide are negatively charged in this pH range and so 
there is a relatively strong electrostatic repulsion that limits extensive complexation.  
When the pH was decreased from 6 to 3.5 the turbidity progressively increased, which 
indicated that complexes were formed that were large enough to scatter light.  In this pH 
range, these aggregates are protein-polysaccharide complexes formed by electrostatic 
attraction between cationic patches on the protein surface and anionic groups on the 
polysaccharide backbone (320-322).  The turbidity-pH profiles of the protein-
polysaccharide solutions depended appreciably on polysaccharide type.  The increase in 
solution turbidity with decreasing pH was similar for LMP and HMP, but less for 
carrageenan, suggesting that the complexes formed by the pectins were either larger or 
more numerous than those formed by carrageenan.  There was an appreciable change in 
the turbidity-pH profiles of the β-lactoglobulin – polysaccharide solutions after thermal 
treatment (Figure 6.1b).  The turbidity of the protein-pectin solutions after heating 
depended strongly on the initial solution pH: the turbidity was low at pH values ≥ 6, 
increased to a peak at pH 5.25, decreased to a trough when the pH was lowered, and then 
increased again when the pH fell below a certain value, which was around pH 4.75 for 
LMP and pH 4.25 for HMP.  In contrast, there was only a slight increase in the turbidity 
of the β-lactoglobulin – carrageenan solutions when the pH at which they were was 
reduced from pH 6.0 to 3.5.  The turbidity measurements indicated that different kinds of 
complexes were formed after thermal treatment depending on pH and polysaccharide 
type.  The visible appearance of the protein-polysaccharide mixtures was also recorded 
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after heating at different initial pH values.  Turbid suspensions with relatively good 
stability to gravitational separation (no evidence of sediment formation on the bottom of 
the tubes after 24 hours storage) were formed around pH 4.75 for all of the 
polysaccharides used in this study.  Consequently, this pH was selected to heat treat the 
samples in the remainder of the studies.   
The mean particle diameter (Z-average) and electrical charge (ζ-potential) of the 
biopolymer complexes present in the protein-polysaccharide mixtures after thermal 
treatment at pH 4.75 are shown in Figure 6.2.  The mean particle diameter of the 
biopolymer particles formed was around 200-300 nm in the pectin systems, but around 
700 nm in the carrageenan system (Figure 6.2a).  The ζ-potentials of the biopolymer 
particles formed in the β-lactoglobulin solutions containing carrageenan, LMP and HMP 
after heating at pH 4.75 were -57, -44 and -26 mV, respectively.   In comparison the ζ-
potential of β-lactoglobulin alone at this pH was relatively low (-7.3 mV) because the 
protein was close to its isoelectric point.  Thus, the negative charge was appreciably 
higher in the presence of the anionic polysaccharides indicating that protein-
polysaccharide complexes were formed.  This trend is in agreement with the linear charge 
densities of the three polysaccharides, i.e., C > LMP > HMP.   
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Figure 6.1:  Turbidity of (a) unheated and (b) heated β-lactoglobulin and β-
lactoglobulin-anionic polysaccharide solutions.  Solutions were heated at the stated pH. 
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Figure 6.2:  (a) Mean particle diameter and (b) ζ-potential of biopolymer particles 
formed by heating β-lactoglobulin-polysaccharide complexes at pH 4.75.   
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6.4.2 Impact of Polysaccharide Type on Complex Formation during Thermal 
Treatment 
The purpose of these experiments was to examine the impact of polysaccharide 
type on the heat-induced aggregation of β-lactoglobulin solutions.  β-lactoglobulin 
solutions (pH 4.75) in the absence and presence of various polysaccharides were heated 
at a controlled rate and the change in their turbidities was measured (Figure 6.3).  The 
aggregation temperature (Tagg) was defined as the temperature where the slope of 
turbidity versus temperature was the greatest during heating (Table 6.1).  The pure β-
lactoglobulin solutions were almost transparent at ambient temperature, but their turbidity 
increased upon heating: there was a slight increase in turbidity from 30 to 48 ºC, a steeper 
increase from 48 to 74 ºC, and then the steepest increase from 74 to 80 ºC.  These 
turbidity increases are indicative of changes in the aggregation state of the protein during 
heating.  Above 80 ºC, the turbidity decreased, which was attributed to precipitation and 
sedimentation of the aggregated proteins so that they moved out of the light beam.  
Indeed, a white sediment was observed at the bottom of the measurement cells after these 
samples were removed from the spectrophotometer.   
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Figure 6.3a/b: Turbidity (at 600 nm) versus temperature profiles for β-lactoglobulin and 
β-lactoglobulin-polysaccharide solutions: (a) high methoxyl pectin (HMP); (b) low 
methoxyl pectin (LMP). 
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Figure 6.3c: Turbidity (at 600 nm) versus temperature profiles for β-lactoglobulin and β-
lactoglobulin-polysaccharide solutions: (c) carrageenan (C).   
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temperature of β-Lg (≈ 78 ºC – see below), so it seems that aggregate formation is 
associated with protein unfolding.  These results suggest that HMP forms electrostatic 
complexes with β-Lg below its thermal denaturation temperature, which prevents protein 
self-association.  Above the thermal denaturation temperature, the protein molecules 
unfold and aggregate with each other to form nano- or micro-particles that scatter light 
strongly.  Whether the proteins remain attached to the pectin during thermal 
unfolding/aggregation or become detached from the pectin molecules and then aggregate 
with each other in the surrounding aqueous phase is currently unknown.    
The turbidity-temperature profile of the β-Lg/LMP mixture (Figure 6.3b) was 
appreciably different from that of the β-Lg/HMP mixture (Figure 6.3a).  In the presence 
of LMP, the turbidity remained relatively constant from 30 to 54 ºC, increased steeply 
from 54 – 64 ºC, and then reached a fairly constant value at higher temperatures apart 
from a slight dip around 80 ºC (Figure 6.3b).  The fact that the first steep increase in 
turbidity was observed at much lower temperatures for LMP (≈ 54 ºC) than for HMP (≈ 
75 ºC) suggests that the β-Lg/LMP complex was less thermally stable than the β-
Lg/HMP complex.  The physicochemical origin for the different effects of the two types 
of pectin is currently unknown.  The LMP has a higher linear charge density than the 
HMP and therefore the protein molecules may have been in closer proximity along the 
polysaccharide backbone during heating, thereby facilitating their association with each 
other.  Nevertheless, further work is required to determine the origin of this difference. 
The turbidity-temperature profile of the β-Lg/C mixture (Figure 6.3c) was 
appreciably different from both the β-Lg/HMP (Figure 6.3b) and β-Lg/LMP mixtures 
(Figure 6.3b).  In the presence of carrageenan, the turbidity decreased slightly when the 
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temperature was increased from 30 to 74 ºC, and then increased slightly at higher 
temperatures (Figure 6.3c).  There was no evidence of a steep increase in turbidity as was 
observed in the protein solutions containing pectin.  This result suggests that that 
carrageenan was able to largely prevent the thermally-induced aggregation of β-
lactoglobulin.  Carrageenan is a linear biopolymer with a high charge density due to the 
presence of anionic sulfate groups.  It is possible that the protein molecules were held so 
tightly to the anionic groups on the carrageenan molecules that they were unable to move 
or be released, thereby inhibiting their aggregation.  In addition, the β-Lg/C complexes 
have the highest negative charge (Figure 6.2b), which may have prevented the complexes 
from coming into close contact.  Finally, it is possible that carrageenan increased the 
thermal denaturation temperature of the globular protein, thereby reducing the 
hydrophobic driving force for aggregation (although the DSC measurements reported 
below exclude this possibility).    
Heating-cooling scans were carried out to determine whether the complexes 
formed during heating were either reversible or irreversible on the experimental time-
scale.  In these experiments the change in turbidity with temperature was recorded when 
protein-polysaccharide mixtures were heated from 30 ºC to a particular temperature final 
(ranging from 45 to 80 ºC), and then cooled back down to 30 ºC.  For all final heating 
temperatures, the aggregates formed were irreversible i.e., once the turbidity had 
increased during heating it remained high when the samples were cooled back to 30 ºC.  
This effect is demonstrated in Figure 6.4, which shows the turbidity versus temperature 
profiles of β-Lg-HMP solutions heated to different temperatures and then cooled.  Unlike 
pure β-lactoglobulin solutions, β-lactoglobulin-polysaccharide complex solutions did not 
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precipitate and form sediments after thermal treatment, which indicated that the 
biopolymer particles formed during heating were relatively small and stable to 
gravitational separation.   
 
Table 6.1: Summary of thermal properties of β-lactoglobulin and β-lactoglobulin-
polysaccharide solutions at pH 4.75 and pH 7.0 determined by DSC (Tm and ∆H) and 
turbidity-temperature (Tagg) scans.   
 
 
Biopolymer 
Types 
Tagg 
(ºC) 
Tm 
(ºC) 
∆H 
(kCal) 
pH
 
4.
75
 
β-Lg 75.8±0.6 78.3±0.4 25±2 
β-Lg/HMP 76.8±0.6 76.6±0.1* 36±2* 
β-Lg/LMP 79.9±1.1* 79.0±0.3* 38±2* 
β-Lg/C 77.2±0.3* 78.5±0.1 34±1* 
pH
 
7 
β-Lg n/a 77.8±0.6 42±6 
β-Lg/HMP n/a 79.5±0.9* 40±10 
β-Lg/LMP n/a 78.7±0.5 41±5 
β-Lg/C n/a 77.8±0.5 54±14 
 
*: samples were significantly different from the pure β-lactoglobulin solutions by 
Dunnett’s Procedure at the 0.05 level. 
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Figure 6.4: Turbidity (λ = 600 nm) versus temperature profiles for β-lactoglobulin-HMP 
solutions during heating and cooling.   
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can be attributed to thermal denaturation of the globular protein.  Previous studies close 
to pH 5 have shown thermal denaturation temperatures above 80 oC (352, 353), which 
may be attributed to differences in solution pH, ionic strength, protein concentration or 
DSC conditions. 
At pH 4.75, the general form of the DSC scans of the β-lactoglobulin-
polysaccharide complexes closely resembled that of the pure β-lactoglobulin solution 
(Figure 6.5a), although some polysaccharides significantly impacted the thermal 
transition temperature (Table 6.1).  There was a significant decrease (-1.7 ºC) in Tm for 
complexes with HM pectin, and a slight but significant increase (+ 0.7 ºC) for complexes 
with LM pectin.  On the other hand, the presence of carrageenan had no significant effect 
on the Tm of the globular protein.  In general, an additive that increases Tm increases the 
free energy of the unfolded state relative to the folded state, thereby opposing thermal 
denaturation.  On the other hand, an additive that decreases Tm decreases the free energy 
of the unfolded state relative to the folded state, thereby favoring thermal denaturation.  A 
possible explanation for the ability of HM pectin to reduce Tm is due to its relatively high 
level of non-polar side groups (methyoxyl groups).  These methoxyl groups could 
interact with the non-polar groups exposed by the β-lactoglobulin molecule when it 
unfolds.  Normally, the exposure of these non-polar groups to water would oppose 
protein unfolding because of the free energy increase associated with the hydrophobic 
effect.  However, if these groups can react with the methoxyl groups on the pectin 
molecules then this opposing force may be reduced, thereby promoting protein unfolding 
at a lower temperature.  Interaction between the protein core and polysaccharide 
segments may also explain the increased enthalpy values of the complex compared to the 
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original protein.  Previously, an increase in the denaturation enthalpy in the presence of 
anionic polysaccharides has been attributed to a reduction in inter-protein hydrophobic 
interactions (352).  The ability of LM pectin to increase the thermal denaturation 
temperature may be due to differences in the electrostatic interactions between carboxyl 
groups on the pectin molecule and charged groups on the folded and unfolded protein 
surfaces.  Nevertheless, carrageenan is also highly negatively charged, and it did not 
cause a significant change in the thermal denaturation temperature of the protein.  This 
may be because it is a much less flexible molecule, which may limit electrostatic 
interactions.  Nevertheless, more research is needed to establish the molecular basis of 
the effects of different polysaccharides on protein denaturation.   
The thermal transition temperatures were fairly similar to the thermal aggregation 
temperatures (Table 6.1), indicating that appreciable aggregation was only observed after 
the proteins had unfolded upon heating.   
In the absence of polysaccharide, β-lactoglobulin exhibited a single endothermic 
transition around 78 ºC at pH 7.0, which again can be attributed to thermal denaturation 
of the globular protein.  The Tm at pH 7.0 was very similar to that at pH 4.75, but the 
transition peak was much broader at the higher pH (Figure 6.5).  A possible explanation 
for this difference is that at pH 7 there is a relatively strong intra-molecular electrostatic 
repulsion between the numerous anionic groups on the folded protein, but at pH 4.75 
there is intra-molecular attraction between anionic and cationic groups within the folded 
proteins interior close to the isoelectric point.  As a result, it is easier for the protein to 
unfold at pH 7, than at pH 4.75.  At pH 7, neither LM pectin nor carrageenan caused a 
significant change in the thermal denaturation temperature of β-lactoglobulin (Table 6.1).  
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This lack of effect may be attributed to the fact that there is a strong electrostatic 
repulsion between the protein and these polysaccharides at neutral pH, which should have 
limited any complex formation.  On the other hand, HM pectin caused a significant 
increase (+ 1.7 ºC) in Tm, which suggests that HM pectin stabilized the folded state 
relative to the unfolded state at neutral pH.  HM pectin has the lowest negative charge of 
the three polysaccharides studied, and the highest hydrophobicity, so it may be possible 
that it formed some form of complex with the β-lactoglobulin at neutral pH, which 
altered its thermal stability. 
A number of previous studies have examined the impact of polysaccharides on the 
thermal stability of globular proteins.  At pH 7, it was found that both LM pectin and 
carrageenan increased the thermal denaturation temperature of BSA and whey protein 
isolate (324), which is in disagreement with the fact that we found no significant impact 
of these polysaccharides on β-lactoglobulin denaturation (Table 6.1).  This may have 
been because the levels of protein used in that study (20 w/w %), were much higher than 
the levels used in our study (0.5 w/w %), so there may have been other factors effecting 
protein denaturation, e.g., the effects of protein-protein interactions at higher 
concentrations.  Indeed, studies using dilute protein solutions have also found that many 
anionic polysaccharides do not have a major impact on the thermal denaturation of 
globular proteins (β-lactoglobulin) around neutral pH, e.g., carrageenan, guar gum and 
xanthan gum at pH 6 (83) and dextran sulfate at pH 6.8 (352).   
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Figure 6.5: Differential scanning calorimetry data for β-lactoglobulin and β-
lactoglobulin-polysaccharide solutions at (a) pH 4.75 and (b) pH 7.0.   
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6.4.4 pH-Stability of Biopolymer Particles formed by Thermal Treatment 
The pH-stability of biopolymer particles formed by heating protein-
polysaccharide mixtures together was studied, since this may have important implications 
for their practical application.  Protein-polysaccharide mixtures adjusted to pH 4.75 were 
heated at 85 ºC for 18 minutes to form biopolymer particle suspensions.  The stability of 
the biopolymer particles formed under these conditions to subsequent pH adjustments 
was then analyzed using turbidity and mean particle measurements (Figure 6.6).   
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Figure 6.6: The pH-stability of β-lactoglobulin-polysaccharide complexes formed by 
heating at pH 4.75: (a) turbidity versus pH profiles; (b) mean particle size versus pH 
profiles.  The pH was altered to the final values after heat treatment. 
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There were appreciable differences in the turbidity and particle size of the 
biopolymer particle suspensions when the pH was either increased or decreased from pH 
4.75 (Figure 6.6).  The β-Lg/HMP system had a fairly constant turbidity and a small 
particle diameter (≈ 300 nm) in the pH range from 7 to 3, indicating that these particles 
were fairly stable to association or dissociation in this pH range.  The turbidity of the β-
Lg/LMP system was fairly similar to that observed in the β-Lg/HMP system from pH 7 
to 4, but increased appreciably at lower pH (Figure 6.6a).  The particle sizing 
measurements indicated that there was an appreciable increase in mean particle diameter 
in the β-Lg/LMP system at pH 3 (Figure 6.6b), and therefore the increase in turbidity can 
be attributed to biopolymer particle association.  When the pH of the β-Lg/C system was 
increased from pH 4.75 to 7 there was a marked decrease in turbidity (Figure 6.6a) and 
mean particle diameter (Figure 6.6b), which suggested that there was extensive 
dissociation of the protein-polysaccharide complexes formed during heating.  On the 
other hand, when the pH of the β-Lg/C system was decreased from pH 4.75 to 3 there 
was an appreciable increase in turbidity (Figure 6.6a) and mean particle diameter (Figure 
6.6b), which suggested that there was some further association of the biopolymer 
particles.   These results suggest that the β-Lg/carrageenan systems were less stable to 
complex association/dissociation when the pH was changed than the 
aggregation/disaggregation than the β-Lg/pectin systems.  This may have important 
consequences for the practical application of these particles in commercial products.   
A possible explanation for our data is that the strongly anionic carrageenan 
molecules bind β-lactoglobulin molecules very strongly, so that they remain fixed in 
place along the polysaccharide chain during thermal treatment.  When the protein-
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polysaccharide complexes formed are subsequently adjusted to neutral pH, the individual 
denatured protein molecules detach from the carrageenan molecules because of the 
electrostatic repulsion between the anionic protein and anionic polysaccharide.  
Consequently, the turbidity and mean particle diameter are appreciably lower at pH 7 
than at pH 4.75 (Figure 6.6).  On the other hand, the more weakly charged anionic pectin 
molecules hold the β-lactoglobulin molecules less strongly during heating, so that the 
proteins become dissociated from the polysaccharide background and form protein 
aggregates through hydrophobic and disulfide bonds.  When these systems are 
subsequently adjusted to neutral pH the biopolymer particles formed stay largely intact, 
and so the turbidity and mean particle diameter remain relatively high (Figure 6.6). 
 
 
Figure 6.7: The pH-dependence of ζ-potential of β-lactoglobulin-polysaccharide 
complexes formed by heating at pH 4.75.  The pH was altered to the final values after 
heat treatment. 
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The increased biopolymer aggregation observed at pH 3 for the β-Lg/LMP and β-
Lg/C systems may have occurred because the net negative charge on the protein-
polysaccharide complexes decreased when the pH was lowered (Figure 6.7), which is 
associated with an increasing positive charge on the protein molecules and a decreasing 
negative charge on the polysaccharide molecules.  Consequently, there may be either a 
reduction in the electrostatic repulsion between biopolymer particles or the formation of 
polymer bridges between particles due to sharing of polysaccharide molecules between 
proteins in different protein-polysaccharide complexes.  As mentioned earlier, the 
magnitude of the negative charge on the protein-polysaccharide complexes decreased in 
the following order β-Lg/C > β-Lg/LMP > β-Lg/HMP, which is in agreement with the 
differences in the linear charge densities of the three polysaccharides, i.e., C > LMP > 
HMP.  Interestingly, the β-Lg/HMP had the best stability to aggregation at pH 3, despite 
having the lowest negative charge, which suggests that bridging phenomenon may be 
more important than electrostatic repulsion.   
6.4.5 Morphology of Biopolymer Particles formed by Thermal Treatment 
Finally, we measured the morphology of the biopolymer particles formed by 
heating β-lactoglobulin-HMP mixtures using atomic force microscopy (Figure 6.8).  The 
particulates formed had dimensions around 200 to 300 nm, which corresponds closely to 
the particle diameters determined by dynamic light scattering (Figure 6.2a).  In addition, 
the biopolymer particles formed were elongated spheroids, rather than true spheres. 
 
  
Figure 6.8:  AFM Error Mode images of thermally treated protein
complexes containing 0.1% 
minutes).   
 
6.5 Conclusions 
This study has shown that biopolymer particles can be formed by heating 
electrostatic complexes of 
LMP and carrageenan) above the protein’s thermal denaturation temper
The properties of the biopolymer particles formed depended strongly on polysaccharide 
type.  Biopolymer particles formed by heating 
relatively small (d = 200
On the other hand, biopolymer particles formed by heating 
together were relatively large and had poor stability to subsequent pH adjustments, either 
associating at low pH or dissociating at high pH.  The different
formed was attributed to differences in the interactions of the globular protein molecules 
with the anionic polysaccharide chains.  This study provides useful information for the 
formation of biopolymer particles that could be us
systems in the food and other industries.   
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CHAPTER 7 
7 COMPARISON OF PROTEIN-POLYSACCHARIDE NANOPARTICLE 
FABRICATION METHODS: IMPACT OF BIOPOLYMER 
COMPLEXATION BEFORE OR AFTER PARTICLE FORMATION 
 
7.1 Abstract 
The nature of biopolymer nanoparticles formed using two different preparation 
methods was compared:  Type 1 particles were formed by creating β-lactoglobulin 
nanoparticles, and then coating them with pectin; Type 2 particles were formed by 
heating β-lactoglobulin and pectin together.  Protein nanoparticles (d = 180 nm) were 
created by heating β-lactoglobulin above its thermal denaturation temperature (Tm) at pH 
5.8  Type 1 particles were then formed by mixing these particles with high methoxy 
(HM) pectin under conditions where pectin adsorbed to the protein (pH < 6).  Type 2 
particles were created by heating β-lactoglobulin-HM pectin electrostatic complexes 
above Tm at pH 4.75.  At pH 4.5, Type 1 and Type 2 particulates had similar charge (- 33 
mV), protein content, and shapes (spheroid), however, Type 1 particulates were larger (d 
= 430 nm) than Type 2 particulates (d = 300 nm).   
The influence of pH, ionic strength and protein:pectin mass ratio (r) on the 
physical stability of the two types of particles was tested.  A weight ratio of 2:1 
(protein:pectin) gave good pH stability of the particles against aggregation by imparting 
more surface charge.  Type 2 particles had a higher electrical charge, better stability to 
aggregation at lower pH values (pH < 4), and better stability to aggregation at high salt 
concentrations (200 mM NaCl) than Type 1 particles.   These differences suggested that 
Type 2 particulates had a higher surface coverage with pectin, thereby reducing their 
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tendency to aggregate.   These results have important consequences for the design of 
biopolymer nanoparticles based on thermal treatment of proteins and polysaccharides. 
 
7.2 Introduction 
Biopolymer materials may be used to create particulate structures on the sub-
micrometer scale.  The biopolymer nanoparticles formed may be used to protect or 
deliver high-value bioactive components, such as lipids, vitamins or minerals (1, 29, 354, 
355).  Spherical biopolymer particles may also mimic the optical or textural properties of 
lipid droplets, and can therefore be used to replace fat in certain foods (39, 295, 356, 
357).  Biopolymers such as protein and polysaccharides may be used to create such 
particulates through various types of biopolymer-biopolymer associative interactions 
(296, 358-360).   
Globular proteins and anionic polysaccharides will associate with each other 
under conditions of opposing charge (134, 327, 360).  Proteins attain a net-positive 
charge when the pH is reduced below their isoelectric point (pI).  At pH values 
sufficiently far above this point, the strong negative charges on the two biopolymers 
result in electrostatic repulsion.  Attractive interactions and complexation may begin at 
values slightly above the protein’s isoelectric point, due to localized points of interaction 
between the anionic groups on the polysaccharide and cationic patches on a proteins 
surface (361).  Further pH reduction induces greater complexation, eventually resulting in 
phase-separation of the fully neutralized complex, usually referred to as a coacervate 
(133).  Complexation is believed to be a result of both entropic and enthalpic factors (6, 
191).   
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Thermal treatment of native globular proteins leads to characteristic changes in 
their conformation and interactions, which can be used as the basis of forming 
biopolymer nanoparticles.  For example, heat treatment of β-lactoglobulin above its 
thermal denaturation temperature at pH values just below 6 leads to the formation of 
protein nanoparticles of approximately 50-150 nm diameter (H-Blg) (251, 362, 363).  
The particle size of the aggregates depends on the heating rate, heating duration (364), 
and protein concentration (365).  Complexation between these protein nanoparticles and 
anionic polysaccharides has been achieved with dextran sulfate (70) and sugar beet pectin 
(229) by reducing the pH towards the isoelectric point.  We refer to the biopolymer 
particles created by addition of an oppositely charged polysaccharide to globular protein 
nanoparticles formed by heat treatment as “Type 1 particles”. 
Previously, our laboratory has studied the effects of pH and thermal treatment on 
aqueous solutions containing electrostatic complexes of β-lactoglobulin and anionic 
polysaccharides (163, 254, 255).  Heating these complexes was shown to create 
biopolymer nanoparticles (rg ~ 150 – 300 nm) that were relatively stable to further pH 
changes.  Similar results have also been found for ovalbumin-based complexes (162).  
We refer to the biopolymer nanoparticles created by heating an ionic polysaccharide and 
native globular protein together as “Type 2 particles”. 
Since both of these approaches (Type 1 and Type 2) eventually leads to the 
formation of biopolymer nanoparticles comprised of globular protein and polysaccharide, 
we systematically compared the nature of the particles formed using each method.  This 
information is important for selecting the most appropriate method of creating 
biopolymer particles with specific functional attributes.   In this study, we used β-
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lactoglobulin (B-Lg) as a model globular protein, and high methoxy (HM) pectin as a 
model polysaccharide, since previous studies have shown that biopolymer particles can 
be formed from them using either the Type 1 or Type 2 method.  For example, Type 1 
particles were formed by heating β-lactoglobulin at pH 5.8 to form protein particles that 
could then be coated with pectin at lower pH, giving biopolymer particles with a final 
diameter of 100 – 400 nm (229).  Type 2 particles have been formed by heating 
electrostatic complexes of β-lactoglobulin and pectin at pH 4.75 to create biopolymer 
particles with a final diameter of 100 – 300 nm (254).  Both types of protein-
polysaccharide particles were more stable to pH adjustments than protein particles alone.   
 
7.3 Materials and Methods 
7.3.1 Materials 
Purified β-lactoglobulin powder (Lot# JE003-3-922) was kindly donated by 
Davisco Foods International (BioPURE Betalactoglobulin, Eden Prairie, MN).  The 
reported composition of the powder was 97.4% Total Protein, 92.5% β-lactoglobulin, and 
2.4% Ash.  A High Methoxy- Pectin (#1781; DE 54%; 166 kDa) was kindly donated by 
CP Kelco.  Hydrochloric acid and sodium hydroxide solutions for pH adjustments were 
created from a 12.1 N hydrochloric acid solution (Fisher Scientific, Fairlawn, NJ) and 
solid sodium hydroxide pellets (Sigma Chemical Co., St. Louis, MO), respectively.  
Concentrated nitric acid was utilized as a cleaning solution for the VP-DSC (Sigma 
Chemical Co., St. Louis, MO).  Solutions were created with double-distilled/de-ionized 
water, obtained from a water filtration unit on-site.  All materials were used directly from 
the sample containers without further purification.   
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7.3.2 Biopolymer Solution Preparation 
β-Lactoglobulin and pectin powders were weighed and put into separate beakers 
for solubilization with a 10 mM acetate solution.  Full solubilization of pectin solutions 
was assured by stirring continuously at ambient temperature for 6-10 hours at 300 rpm.  
β-lactoglobulin solutions were prepared on the morning of experimentation, requiring 1-2 
hours for solubilization.  Protein and pectin solutions were adjusted to pH 7.0 using 1.0 N 
and 0.1 N sodium hydroxide solutions before further mixing operations.  After mixing, 
the final solutions contained 0.5% (w/w) protein and/or 0.25% (w/w) pectin, unless 
otherwise stated.  Individual and mixed biopolymer solutions were adjusted to pH values 
below 7.0 using 1.0 N, 0.1 N, and/or 0.01 N hydrochloric acid solutions.  Proton 
conductivity values were measured using a pH/mV measurement unit (UB-10 
“Ultrabasic”, Denver Instruments, Denver, CO).  All solutions were stirred at the desired 
pH for at least 30 minutes before subsequent steps.   
Associative complexes between β-lactoglobulin and pectin were formed by 
mixing equal masses of a 1.0 % (w/w) protein solution with a 0.5% (w/w) pectin solution 
at neutral pH.  These mixtures were adjusted to pH 4.75 over a period of 15-20 minutes 
using 1.0 N and 0.1 N HCl solutions and continuous stirring.  The same β-lactoglobulin 
stock solution (1.0 % w/w) was diluted 1:1 with 10 mM acetate buffer (final: 0.5% w/w) 
and adjusted to pH 5.8 over a period of 15-20 minutes using 1.0 N and 0.1 N HCl 
solutions with continuous stirring.   
7.3.3 Turbidity Measurements versus Temperature 
The turbidity of biopolymer solutions with increasing temperature was analyzed 
using a UV/visible spectrophotometer at 600 nm (Ultraspec 3000 pro, Biochrom Ltd., 
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Cambridge, UK).  Sample cuvettes were composed of quartz with a path length of 1.0 
cm.  Prepared and filtered sample solutions were inserted into the cuvette, followed by 3 
drops of hexadecane oil to prevent excessive evaporation.  Distilled water was used as a 
blank reference.  Temperature scanning proceeded from 25 to 92 oC at a rate of 0.8 oC per 
minute.  Certain samples were scanned during the cooling period (92 - 25 oC) at a rate of 
1.2 oC per minute.   
7.3.4 Differential Scanning Calorimetry 
Absorption or release of thermal energy from samples was tracked using a 
variable pressure differential scanning calorimeter (VP-DSC; MicroCal, Northampton, 
MA).  Prepared and filtered sample solutions were degassed in a small degassing unit for 
15-20 minutes at 20 oC.  Degassed samples and buffer were injected into the sample and 
reference cells of the VP-DSC, respectively.  Operation of the unit and data tracking were 
performed by VPViewer software (MicroCal, Northampton, MA).  Temperature scanning 
proceeded from 15 to 95 oC at a rate of 1.0 oC per minute.  Analysis of the thermographs 
was handled by a specialized software (v. 5.0; OriginLab, Northampton, MA).   
7.3.5 Formation and Stability of Biopolymer Particles  
A similar heat-treatment was used to prepare the biopolymer particles through the 
study.  Biopolymer solutions were poured into 40 mL glass cylindrical tubes with plastic 
screw-caps.  These capped solutions were then immersed in an 85 oC water bath for 15 
minutes to induce protein unfolding and aggregation (254).  Following heating, samples 
were removed from the bath and cooled at room temperature for 20-30 minutes, followed 
by immersion in a room temperature water bath for 2 hours.  After overnight refrigerated 
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storage, the solutions were allowed to reach room temperature before further mixing and 
dilution.  Three different types of biopolymer particles were formed:   
 
• Protein Nanoparticles: Protein nanoparticles were formed by heat-
treatment (85 oC, 15 minutes) of a β-lactoglobulin solution (0.5 %, pH 
5.8), then adjusting the pH to 4.5. 
• Type 1 Particles: Type 1 protein-polysaccharide particles were formed by 
mixing a pectin solution with a suspension of the protein nanoparticles 
formed above, at pH 7, and then adjusting to pH 4.5 to promote pectin 
adsorption.    
• Type 2 Particles: Type 2 protein-polysaccharide particles were formed by 
heat-treatment (85 oC, 15 minutes) of a β-lactoglobulin – pectin solution at 
pH 4.75, and then adjusting to pH 4.5.   
 
Final protein concentrations for all solutions were 0.1% (w/w), while pectin 
concentrations varied between 0 and 0.05% (w/w).  The stability of the various types of 
biopolymer particles formed was then tested when the pH was adjusted from pH 4.5.  
Solutions were divided in half prior to pH adjustment.  One half was acidified using 1.0 
N and 0.1 N HCl solutions, while the other half was neutralized using 1.0 N and 0.1 N 
NaOH solutions.  Aliquots were taken for analysis at various pH values. 
7.3.6 Particle Composition and Properties 
Particulate solutions were created as described above.  Particle composition and 
properties were determined by analyzing suspensions before and/or after centrifugation at 
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pH 4.5.  Centrifugation was performed using an ultracentrifuge (Sorvall RC6 Plus, 
Thermo Scientific, Waltham, MA) with a 50-mL capacity rotor (F21 Rotor) at 13,000 
RPM’s (20,000 × g) for 40 minutes (20oC).  Samples were placed in 40-mL screw-capped 
plastic tubes prior to centrifugation.  Following separation, supernatants were decanted 
carefully into separate glass test tubes using transfer pipettes.  The remaining precipitate 
was transferred to a beaker and diluted to 30 mL volume with acetate buffer (pH 4.5, 10 
mM).  These precipitate solutions were stirred overnight with a magnetic stir-bar at 350 
rpm to achieve dispersion and re-suspension. 
Supernatants and dispersed precipitates were analyzed for particle size and charge 
characteristics using dynamic light scattering and microelectrophoresis (Nano-ZS 
instrument, Malvern Instruments, Worcestshire, UK).  The particle size data is reported 
as the Z-average mean diameter, while the particle charge data is reported as the ζ-
potential.  Protein contents were determined using the standard Lowry assay, using 
unheated β-lactoglobulin as a standard.  Polysaccharide contents were determined using 
the Phenol-Sulfuric acid assay, using unheated solutions of the respective polysaccharide 
as a standard.   
The Lowry assay was performed, as follows:  0.5 mL of sample was combined 
with 2.5 mL of Lowry solution C (0.4 mM CuSO4, 1.0 mM tri-sodium citrate, 185 mM 
sodium carbonate, 98 mM sodium hydroxide), vortexed, and allowed to rest for 10 
minutes; 0.25 mL of Lowry solution D (1:1 Folin-Ciocalteau Phenol reagent: double-
distilled water) was added; solutions were vortexed and allowed to rest for 25 minutes; 
absorbance of solutions was measured at 600 nm in a disposable plastic cuvette with a 1 
cm path length. 
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The Phenol-Sulfuric Acid assay was performed, as follows:  aqueous phenol (1 
mL; 5% v/v) and concentrated sulfuric acid (5 mL) solutions were mixed; 1 mL of 
sample/standard was added; mixtures were allowed to rest at 25 oC for 10 minutes and 
were then vortexed, briefly; after standing at 25 oC for another 30 minutes, mixtures were 
analyzed through visible-light absorbance at 485 nm.   
7.3.7 Particle Morphology using AFM  
Selected samples were chosen for structural analysis using atomic force 
microscopy (AFM).  These samples were diluted using double distilled water (HPLC 
grade) to approximately 0.0033% protein concentration (w/w) and then mounted on a 
newly cleaved mica slide  (PELCOTM Mica, 9.9 mm discs; Ted Pella, Redding, CA) by 
injecting ~2 µL of the dilute sample onto the surface.  Mica slides were fixed to magnetic 
steel wafers using adhesive strips (PELCOTM tabs; 12mm OD; Ted Pella, Redding, CA).  
These sample-mica assemblies were loosely covered in a Petri dish and placed in a 
dessicator overnight to dry the sample thoroughly.  When dry, the sample-mica 
assemblies were scanned using a CP-II atomic force microscope (Veeco, Santa Barbara, 
CA) mounted with a silicone tip (Force constant 3N/m, Multi75Al; Ted Pella, Redding, 
CA). Various scanning windows were analyzed under air (10 x 10µm 5 x 5µm, 3 x 3µm) 
in contact mode with a scan speed of 0.8 Hz and a Force of 60 nN.  Operation and data-
gathering of the microscope were performed by supplied software (ProscanXP, version 
1.9; Veeco, Santa Barbara, CA).  Force data was converted into transferrable images 
using IP2 Image analysis AFM software (Version 2.1).     
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7.3.8 Statistical Analysis 
All measurements were performed on at least three freshly prepared samples and 
are reported as means and standard deviations.  For thermal analyses (turbidity and VP-
DSC plots), representative samples were chosen and presented, with statistical data 
presented.  Significant and highly significant differences, at the 0.05 and 0.01 level, 
respectively, were determined by Dunnett’s Procedure for comparative analysis.  In these 
cases, mixtures with polysaccharides were compared against a control of pure β-
lactoglobulin solution. 
 
7.4 Results and Discussion 
7.4.1 Creation of Type 1 Particles  
Type 1 biopolymer particles are formed by mixing a solution of ionic 
polysaccharides with oppositely charged protein particles.  We therefore initially 
investigated the conditions required to form protein particles.  Previous studies in our 
laboratory have shown that protein particles can be formed by heating β-lactoglobulin (β-
Lg) solutions at pH 5.8 above the thermal denaturation temperature of the protein (229).  
The thermal behavior of β-Lg at this pH was investigated using differential scanning 
calorimetry (Figure 7.1), which showed that there was a broad endothermic peak around 
80 oC (Table 7.1).  This broad peak is similar to the ones reported at pH 6 and 7, where it 
was attributed to the cooperativity of the protein unfolding process (75, 366).  The peak 
temperature, ~ 80 oC, was higher than the denaturation temperature of β-Lg reported at 
pH 7 (~ 75 oC), which agrees with other studies that have found increased protein 
stability around the pI (83, 85).   
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Figure 7.1: Absorbed thermal energy of β-lactoglobulin at pH 5.8 in 10mM acetate 
buffer as a function of temperature 
 
 
Table 7.1: Gathered thermal data for β-lactoglobulin at pH 4.75 and 5.8 with 
(“Complex”) or without pectin 
 
Protein Solution Tagg (oCelsius) Tm (oCelsius) Total Enthalpy (kcal) 
Blg pH 4.75 75.84a ± 0.58 78.31a ± 0.37 24.8a ±1.5 
Complex pH 4.75 78.20b ± 0.45 78.51a ± 0.06 43.6b ± 1.9 
Blg pH 5.8 79.85c ± 0.77 80.16b ± 0.19 55.9c ± 6.9 
 
 
After thermal denaturation, hydrophobic and disulfide interactions are promoted 
among unfolded globular protein molecules, which lead to the formation of aggregated 
structures, which may or may not be large enough to scatter visible light.  To determine 
the formation of large aggregates, the turbidity of β-lactoglobulin solutions was measured 
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as a function of temperature at pH 5.8 (Figure 7.2).  The turbidity of the protein solutions 
remained low from 30 to 65 oC, increased slightly from 65 to around 80 oC, and then 
increased steeply upon further heating.  The rapid increase in turbidity around 80 oC 
coincided with the thermal denaturation temperature of the protein, suggesting that the 
particles aggregated rapidly after they had unfolded.  The particles formed were thermo-
irreversible, as indicated by the fact that the samples remained highly turbid upon cooling 
(Figure 7.2).  These experiments indicated that protein particles could be created by 
heating β-lactoglobulin solutions at pH 5.8 above 80 oC.  We therefore used a holding 
temperature of 85 oC for 15 minutes to form protein particles in the subsequent 
experiments.   
 
 
Figure 7.2: Turbidity of β-lactoglobulin at pH 5.8 in 10mM acetate buffer as a function 
of temperature. 
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The pH-dependence of the properties of the protein particles formed by thermal 
treatment of β-lactoglobulin at pH 5.8 was determined (Figure 7.3).  Similar to native β-
lactoglobulin, the protein particles changed from a negative charge at high pH to a 
positive charge at low pH, with a point of zero charge around ~ pH 4.8 (Figure 7.3a).  
The protein particles had a relatively small diameter (d < 500 nm) at pH values well 
below (pH < 4) or well above (pH > 5.5) the isoelectric point, but were highly prone to 
aggregation around the pI (Figure 7.3b).  This effect can be attributed to the reduction in 
electrostatic repulsion between particles associated with their reduced electrical charge 
(Figure 7.3a).  Pectin remained negatively charged throughout the pH range studied, with 
a slight decrease in the magnitude of the charge as the pH decreased below 4.0 (Figure 
7.3a), which can be attributed to some protonation of the carboxyl groups around and 
below their pKa value.  Pectin solutions remained transparent across the entire pH range 
studied in the absence of protein.    
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Figure 7.3: ζ-potential and diameter of heated β-lactoglobulin (pH 5.8) with (“Type 1”) 
or without (“HBlg”) pectin as a function of decreasing pH 
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Type 1 biopolymer particles were formed by mixing pectin with the protein 
particles formed by thermal treatment (229).  Experiments were performed to find the 
most suitable conditions for forming stable Type 1 particles.  Protein particles and pectin 
were mixed at pH 6.5, and then the pH was reduced to promote pectin adsorption.  The 
mixed system had a negative ζ-potential that was intermediate between the two 
components (Figure 7.3a) at all pH values, which suggested that the pectin molecules 
associated with the protein particles.  There was an appreciable increase in the diameter 
of the particles in the mixed system when the solution was adjusted from pH 6.5 (d = 260 
nm) to pH 4.5 (d = 430 nm), which can be attributed to adsorption of pectin molecules to 
the protein particle surfaces, as well as possibly some bridging flocculation (Figure 7.3b).  
The extensive aggregation that was observed in the protein particle system around the pI 
of the protein was not observed in the presence of pectin (Figure 7.3b), which indicated 
that the pectin stabilized the protein particles against aggregation, presumably be 
increasing the electrostatic and steric repulsion between the biopolymer particles. 
Atomic force microscopy (AFM) was used to compare the morphology of Type 1 
particles with that of the protein particles from which they were fabricated (Figure 7.4).  
The Type 1 particles and protein particles both had spheroid shapes, and both exhibited a 
broad range of particle sizes.  There appeared to be a greater number of small particles in 
the protein particle system than in the Type 1 particle system, as exhibited by the surface 
roughness between the larger particles.  These small particles may not have been 
observed in the Type 1 system since the pectin molecules may have absorbed to them and 
grouped them together.   
  
              Heated β-lactoglobulin, pH 5.8
Figure 7.4: Atomic force microscopy
the Type 1 particle 
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observed in the sample containing pectin, which can be attributed to the fact that the 
protein aggregation was more limited in this system (see following discussion). 
 
 
Figure 7.5: Absorbed energy of β-lactoglobulin at pH 4.75 both with and without pectin 
as a function of temperature. 
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with temperature indicate changes in the structure of the complexes or particles present in 
the system.  We postulate that the slight increase in turbidity observed at lower 
temperatures is due to a small fraction of the native protein molecules becoming detached 
from the pectin molecules due to their increased thermal energy and then aggregating in 
solution.  The much steeper increase in turbidity observed around 80 oC is attributed to 
unfolding and detachment of the protein molecules from the pectin, and then aggregating 
in solution.  The dip in the turbidity around 75 oC may be due to some sedimentation of 
the aggregates formed at lower temperatures.   Further work is required to better 
understand the different physicochemical phenomenon occurring when proteins and 
polysaccharide complexes are heated together.   
 
 
Figure 7.6: Turbidity of β-lactoglobulin at pH 4.75 with pectin as a function of 
temperature. 
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The thermal characteristics of β-Lg at pH 4.75 in the absence and presence of 
pectin are compared in Table 7.1.  The thermal denaturation temperature of β-Lg was the 
same in the absence or presence of pectin (~ 78.5 oC), which indicated that the pectin did 
not have a major impact on the unfolding of the protein.  On the other hand, the thermal 
aggregation temperature of β-Lg was significantly higher in the presence of pectin (~ 
78.2 oC) than in its absence (~ 75.8 oC), which indicated that pectin retarded the 
aggregation of the protein molecules.  Interestingly, in the pure protein solutions, the 
aggregation temperature was significantly below the thermal denaturation temperature at 
pH 4.75, but was approximately equal to the thermal denaturation temperature at pH 5.8 
(Table 7.1).  This effect can be attributed to the fact that there is more electrostatic 
repulsion between the protein molecules at pH 5.8, and hence more unfolding is required 
before aggregation will occur.   
Atomic force microscopy was used to determine the morphology of the Type 2 
particulates formed by heating protein-polysaccharide complexes (Figure 7.7).  The AFM 
images indicated that spheroid particles were formed with diameters around 100 to 250 
nm, which were fairly similar in appearance to those formed in the Type 1 system (Figure 
7.4).  Nevertheless, there the Type 2 particles did appear to be less polydisperse than the 
Type 1 particles, with the images containing fewer small background particles (Figure 
7.4).   
  
Figure 7.7: Atomic force microscopy
lactoglobulin-pectin complex)
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particles were fairly similar, suggesting that they had fairly similar overall compositions.   
The mean diameters of the Type 1 particles (~ 400 nm) were significantly greater than the 
Type 2 particles (~ 300 nm), which indicated that the preparation method did have some 
impact on the nature of the particles formed.  Presumably, the Type 1 particles consisted 
of a protein core surrounded by a shell of polysaccharide molecules.  The protein core 
should have a diameter approximately equal to the diameter of the initial protein particles 
from which the Type 1 particles were formed: d ~ 200 nm.  The polysaccharide shell 
should therefore be around 100 nm thick, which is appreciably larger than the expected 
diameter of individual pectin molecules in solution.  The structure of the Type 2 particles 
is currently unknown.  In previous studies, we hypothesized that the globular proteins 
become detached from the pectin molecules after the proteins are heated above their 
thermal denaturation temperature.  The denatured proteins then aggregate in the aqueous 
phase to form protein particles, and then the pectin molecules absorb to the surfaces of 
the protein particles.  In principle, the Type 2 particles should therefore also have a core-
shell type structure.  It should be noted that many of the particles observed by atomic 
force microscopy had diameters smaller than the mean values determined by dynamic 
light scattering (Figures 7.4 and 7.7).  This suggests that dynamic light scattering may 
have over-emphasized the presence of large particles or that the particles were diminished 
during the drying processes necessary for AFM analysis.   
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Table 7.2: Mean diameter and particle charge of aggregate solutions after thermal 
preparation. 
 
Protein Solution Diameter (nm) ζ-potential (mV) PdI 
HBlg 5.8 177.3a ± 13.8 - 27.7a ± 0.3 0.15a ± 0.02 
Type1 431.7b ± 71.8 - 33.4b ± 0.1 0.28b ± 0.00 
Type2 304.3c ± 6.8 - 32.9c ± 0.8 0.25b ± 0.02 
 
 
The stability of the biopolymer particles to pH changes was determined using 
turbidity measurements (Figure 7.8).  The impacts of particle type (Type 1 versus Type 
2), protein-to-polysaccharide ratio (r), and salt concentration (0 or 200 mM) on the pH 
stability of the particles were investigated.  There were appreciable differences in the pH 
dependence of the turbidity of the Type 1 (Figure 7.8a) and Type 2 (Figure 7.8b) 
particles.  For Type 1 particles, the turbidity of the suspensions was fairly similar at 
different r values under conditions where the protein and polysaccharide would not be 
expected to interact with each other (pH > 5.5), indicating that pectin concentration did 
not have a large impact on the nature of the biopolymer particles present in this pH range.  
This might be expected, since the protein particles were formed in the absence of pectin, 
and so there size should only be determined by the initial heating conditions of the 
protein solution.  On the other hand, for Type 2 particles, there was a large increase in 
turbidity with increasing protein-to-polysaccharide ratio at pH values where the protein 
and pectin would not be expected to strongly interact with each other (pH > 5.5) (Figure 
7.8b), which suggests that more or bigger particles were formed at high r ratios.  In this 
case, the biopolymer particles are formed by heating protein and pectin together, and 
hence the pectin concentration does affect the characteristics of the particles formed.  It 
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appears that high amounts of pectin present during heating (lower r) help to limit 
extensive protein aggregation. 
There was also an appreciable difference in the turbidity-pH profiles of the Type 
1 and Type 2 particles at pH values where the proteins and polysaccharides should form 
electrostatic complexes, i.e., pH < 5.5 (Figure 7.8). These differences can partly be 
attributed to the fact that the initial biopolymer particle characteristics depend partly on 
whether pectin was added before or after thermal denaturation and aggregation of the 
protein.  Even so, there were some similarities in the pH-dependence of the turbidity of 
the different particle types.  The pH where an appreciable increase in turbidity was first 
observed when the pH was reduced decreased as the protein-to-polysaccharide ratio 
decreased.  This phenomenon can be attributed to charge neutralization effects.  The net 
charge of a protein-polysaccharide complex depends on the net charge of the individual 
protein and polysaccharide molecules at the prevailing pH, as well as on the ratio of 
protein molecules to polysaccharide molecules in the complex.   At higher r values, there 
are more cationic protein molecules available to bind to the anionic pectin molecules and 
hence charge neutralization occurs at higher pH values. 
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Figure 7.8a/b: Turbidity of heated systems with increasing protein-to-polysaccharide 
ratio (“r”) as a function of final pH value (origin = pH 4.5) for: (a) Type 1; (b) Type 2. 
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Figure 7.8c: Turbidity of heated systems with increasing protein-to-polysaccharide ratio 
(“r”) as a function of final pH value (origin = pH 4.5) for: (c) Type 1 and Type 2 with or 
without 200 mM NaCl at r = 2. 
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    Apparent particle sizes (Z-Average) from dynamic light scattering were studied 
and found to coincide with turbidity results (Figure 7.9).  Large increases in particle 
diameter (> 1000 nm), a result of hydrophobic aggregation or agglomeration, occurred 
when the turbidity dramatically increased.  For instance, large size increases among Type 
1 particles were seen below pH 5, 4, and 3.5 for r = 8, 5, and 2, respectively (Figure 
7.9a).  Type 2 particles aggregated below pH 4 and 3.5 for r = 8 and 5, respectively, 
while r = 2 resisted aggregation down to pH 3 (Figure 7.9b).  Among both systems, 
increased amounts of pectin resisted aggregation at lower pH values.  Type 2 particulates 
were more stable to aggregation at each level of pectin incorporation, indicating that 
pectin had less affinity for the Type 1 system.  Insufficient coverage of the particulate 
surface by pectin left uncharged portions exposed these areas for intermolecular 
aggregation.  As mentioned, addition of sodium chloride to Type 2 particles should 
reduce aggregation or dissolution with pH change, which was noted here, as well (Figure 
7.9c).  Interestingly, addition of sodium chloride to Type 1 systems caused a drastic 
increase in particulate sizes.  This further proved the hypothesis that uncharged surfaces 
of Type 1 particles were exposed (i.e. uncoated with pectin) and more susceptible to 
aggregation, which promoted intermolecular aggregation in the higher ionic strength 
conditions.  Decreased surface coverage by complexed pectin chains made the Type 1 
particulates less viable as a food additive compared to the Type 2 system. 
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Figure 7.9a/b: Mean particle diameter of heated systems with increasing protein-to-
polysaccharide ratio (“r”) as a function of final pH value (origin = pH 4.5) for: (a) Type 
1; (b) Type 2. 
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Figure 7.9c: Mean particle diameter of heated systems with increasing protein-to-
polysaccharide ratio (“r”) as a function of final pH value (origin = pH 4.5) for: (c) Type 1 
and Type 2 with or without 200 mM NaCl at r = 2. 
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negatively charged carboxylate groups on pectin lose charge, as well, with continued 
decrease in pH below its pKa value (~ 3.5).  Increased complexation with greater pectin 
concentrations and the addition of more negatively charged sites explains the greater 
stability of systems more pectin, and the inevitable instability below pH 3.5.   
Between the two particulate systems, the same concentrations of pectin effected 
different charges.  For instance, at pH 4.5, the mean charge of the Type 2 particulate with 
r = 8 was -29.7 mV (Figure 7.10b) while the Type 1 particulates was -22.8 mV (Figure 
7.10a).  This may reflect a greater tendency of pectin to adhere to the Type 2 system as 
opposed to the Type 1.  However, sufficient coverage was obtained at a protein-to-pectin 
ratio of 2 (w/w %), as the charge was similar between both systems.  This reflected a 
limitation of the charge mobility analysis, as it did not indicate the amount of pectin 
adhered to the surface, only the overall charge. 
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Figure 7.10: Particle charge (ζ-potential) of heated systems with increasing protein-to-
polysaccharide ratio (“r”) as a function of final pH value (origin = pH 4.5) for: (a) Type 
1; (b) Type 2. 
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7.4.4 Particulate Composition 
Polymer composition, charge, and size were analyzed on supernatants and 
redispersed precipitates following ultracentrifugation at pH 4.5 (Table 7.3).  Particulate 
solutions were shown to be turbid with particle sizes above 150 nm, which should make 
these particulates precipitate given sufficient separative force.   
Polymer compositions were comparable between the two particulate systems.  As 
in previous studies, pectin was found almost exclusively in the supernatant phase.  Only 
very small fractions of the original content were found in the resuspended supernatant, 
close to experimental noise.  Concentrations of β-lactoglobulin in the supernatant fell to 
approximately 90% of the original content following centrifugation, with about 0.025 – 
0.048% (w/w) found in the resuspended precipitate.  These protein compositions differed 
from data obtained with different pectin in earlier research (~74 DE), which supernatant 
protein down to ~ 40% of the original.  As the supernatant and resuspended precipitate 
contained protein contents that, in total, were greater than the original content, there 
appears to have been a measurement error towards greater protein content.  What is 
definite is that the majority of protein remains in the supernatant following 
centrifugation.  This implied that thermal aggregation of protein is mostly limited by the 
presence of pectin in both systems, allowing a minority of proteins to form large 
insoluble aggregates. 
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Table 7.3: Polymer composition, particle size, and charge mobility of supernatants and 
redispersed precipitates following centrifugation of Type 1 and Type 2 particles. 
 
Solution Pectin wt% Protein wt% Diameter (nm) ζ-potential (mV) 
Type 1 
Supernatant 0.053 ± 0.002 0.092 ± 0.009 276.5 ± 44.5 -33.2 ± 1.0 
Type 2 
Supernatant 0.053 ± 0.000 0.090 ± 0.001 312.0 ± 5.2 -35.0 ± 2.0 
Type 1 
Precipitate 0.006 ± 0.001 0.036 ± 0.011 729.6 ± 343.5 -31.7 ± 1.0 
Type 2 
Precipitate 0.008 ± 0.002 0.035 ± 0.007 427.9 ± 32.0 -35.0 ± 1.0 
 
 
Sizes of particulate solution supernatants were smaller than the original solutions.  
Type 2 systems dropped from 304 to 276 nm, while the Type 1 system dropped from 431 
to 312 nm (Table 7.3).  These losses in apparent diameter may reflect the removal of 
larger aggregates from the total solution, narrowing the detected distribution towards 
smaller diameters.  Indeed, the re-suspended precipitates possessed very large sizes with 
roughly double the polydispersity indices (data not shown).  The extent of the size 
increase and greater polydispersity demonstrated that the largest particulates were 
removed following centrifugation, and that these large particulates may have associated 
further through close proximity in the sediment layer.  Interestingly, charge of the 
supernatant and resuspended precipitate did not differ from the original particulate 
suspensions.  Since the large protein aggregates scatter drastically more light than pectin 
chains, the absence of null-charged β-lactoglobulin indicated at least small quantities of 
anionic pectin were adhered to both the soluble proteins in the supernatant and the very 
large protein aggregates in the sediment. 
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7.5 Conclusion 
Previous research has established the creation of particulates from β-lactoglobulin 
heated at pH values proximal to the isoelectric point.  The first method (Type 1) involved 
heating β-lactoglobulin below pH 6.0 and then complexing it with pectin by pH 
reduction.  In the second method (Type 2) β-lactoglobulin was complexed with pectin at 
pH 4.75 and then heated.  In order to create Type 1 particulates, β-lactoglobulin was 
heated at pH 5.8, which was shown to have a thermal transition at 80 oC and formed 
turbid, aggregate structures.  Pectin was found to complex with these aggregates below 
pH 6.0 through electrostatic interaction and prevented further aggregation and 
precipitation close to the isoelectric point.  Type 2 particulates were created by reducing 
the pH of a β-lactoglobulin and pectin solution to pH 4.75 and subjecting them to heat.  
The thermal transition of the Type 2 system occurred above 78 oC, where it formed 
irreversible aggregate structures.   
Characterization of the Type 1 and Type 2 particulates, equalized in 
concentration, showed similar charge at pH 4.5 (- 33 mV), but a larger mean diameter in 
the Type 1 system (430 nm; Type 2 = 304 nm).  AFM revealed that both possessed a 
spheroid structure, although the Type 2 system contained less small particles, which may 
have been free protein and pectin materials.  Stability to further pH changes was studied 
among both particulate types, with Type 2 demonstrating greater resilience at lower pH 
values.  Addition of sodium chloride to the Type 2 system caused an expected increase in 
particulate stability to pH changes, while addition to the Type 1 system induced 
aggregation, as indicated by particle size results.  This occurrence, combined with ζ-
potential data, indicated that pectin insufficiently covers the protein surface in the Type 1 
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system, which would expose hydrophobic or positively charged portions for 
agglomeration.  A protein-to-pectin ratio of 2:1 was found to produce the smallest 
particulate diameters with the greatest pH stability in both Type 1 and Type 2.  These 
particulates were both resistant to extreme centrifugal forces, with precipitating materials 
being comprised almost exclusively of protein. 
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CHAPTER 8 
8 OPTIMIZATION OF BIOPOLYMER PARTICLE CHARACTERISTICS 
DERIVED FROM THERMALLY TREATED COMPLEXES THROUGH 
REFINED HEATING CONDITIONS 
 
8.1 Abstract 
Associative complexes of β-lactoglobulin and pectin were heated below pH 5 to 
create aggregate particles with sub-micron diameter.  Variations in solution properties 
(protein concentration, pH, ionic strength) and heating conditions (temperature, heating 
time) were tested for their effects on particle characteristics (turbidity, dynamic light 
scattering, soluble protein content).  Particle size and turbidity increased with initial 
thermal treatment until reaching a stable value after 10 minutes (size ~ 300 nm, ~ 50 % 
soluble protein).  The particle size at this stable state decreased through increases in 
heating temperature from 70 to 90 oC.  This stable particle size and turbidity were noted 
for solutions at or below pH 4.75, but these values increased with adjustment towards pH 
5.  Larger particle sizes and reduced protein solubility corresponded with reduced pectin 
complexation, which was believed to prevent protein aggregation.  Particle size, turbidity, 
and sedimented protein values increased with higher protein concentration and increased 
ionic strength, and were attributed to the increased aggregation rates associated with 
these factors. 
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Effects of temperature, heating time, pH, protein concentration, and ionic strength 
on particle characteristics of heated β-lactoglobulin-pectin complexes indicated that it is 
possible to control the size and solubility of particles using these factors.  These effects 
may all be related to the influence on β-lactoglobulin aggregation and denaturation, as 
well as the degree of pectin complexation.   
 
8.2 Introduction 
The previous works have demonstrated the production and characterization of 
biopolymers formed through thermal treated of associative β-lactoglobulin-pectin 
complexes.  Food-grade particles, associative complexes, and general information on 
biopolymers have been covered in the literature review (Chapter 2).  Other introductory 
material include: association complexation between β-lactoglobulin and pectin (Chapter 
3 and 4), investigation of thermal treatment of associative complexes (Chapter 3 and 6), 
and stability of formed particles (Chapter 3 and 5). 
The production and characterization of particle produced from thermal treatment 
of associative complexes has been investigated between β-lactoglobulin and pectin.  So 
far, a narrow range of conditions has been shown to produce these particles.  These 
conditions are:  pH (4.5 – 5.0); protein concentration (0.1 – 0.5 w/w %); heat-immersion 
temperature (83 – 85 oC); heat-immersion time (15 minutes); and ionic strength (0 – 50 
millimolar NaCl).  It is the purpose of this set of experiments to investigate minute 
changes in these preparatory variables so as to control the diameter and phase coherence 
of the formed biopolymer particles.  Recognition of trends in particle characteristics will 
allow optimization and future application of these particles in an industrial setting. 
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8.3 Materials and Methods 
8.3.1 Materials 
Purified β-lactoglobulin powder (Lot# JE-002-4-415) was kindly donated by 
Davisco Foods International (BioPURE Betalactoglobulin, Eden Prairie, MN).  The 
reported composition of the powder was 97.4% Total Protein, 92.5% β-lactoglobulin, and 
2.4% Ash.  A High Methoxy- Pectin (#1781; DE 54%; 166 kDa) was kindly donated by 
CP Kelco.  The reported composition of this Pectin powder was Hydrochloric acid and 
sodium hydroxide solutions for pH adjustments were created from a 12.1 N hydrochloric 
acid solution (Fisher Scientific, Fairlawn, NJ) and solid sodium hydroxide pellets (Sigma 
Chemical Co., St. Louis, MO), respectively.  Solutions were created with double-
distilled/de-ionized water, obtained from a filtration unit on-site.  All materials were used 
directly from the sample containers without purification.   
8.3.2 Biopolymer Solution Preparation 
β-Lactoglobulin and Pectin powders were weighed and put into separate beakers 
for solubilization with a 10mM acetate solution at pH 7.  Full solubilization of pectin 
solutions was assured by stirring continuously at ambient temperature for 6-10 hours at 
300 rpm using magnetic stir-bars.  β-lactoglobulin solutions were prepared by similar 
stirring conditions 4 hours prior to experimentation.  Protein and pectin solutions were 
adjusted to pH 7.0 using 1.0 N and 0.1 N sodium hydroxide solutions before further 
mixing operations.  After mixing, final protein concentrations were 0.5%, while 
polysaccharide solutions were 0.25% (w/w), unless otherwise stated.  For instance, final 
protein contents of 0.1 to 2.0% were created for mixtures investigating the effects of 
protein concentration.  Final protein concentrations of 0.75% were created for 
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investigations on different ionic strengths, with dilution to 0.5% prior to heating.  A 
protein:pectin ratio of 2 was maintained throughout all experiments.  Mixed biopolymer 
solutions were adjusted to pH values below 7.0 using 1.0 N, 0.1 N, and/or 0.01 N 
hydrochloric acid solutions.  Proton conductivity values were measured using a pH/mV 
measurement unit (UB-10 “Ultrabasic”, Denver Instruments, Denver, CO), calibrated 
daily prior to use.  All solutions were stirred at the desired pH for at least 30 minutes 
before subsequent steps.     
8.3.3 Creation of Particulates through Heating & pH Stability 
Prepared biopolymer mixtures (10 mL) were poured into 15-mL capacity glass 
test-tubes with plastic screw-caps.  These capped solutions were then immersed in a 
water bath to create protein-based particulate-suspensions (254).  Water bath conditions 
were varied between 70 and 90 oCelsius, with immersion times between 1 and 30 
minutes.  Following the heating procedure, samples were removed and immersed in an 
ice water bath for 2 hours, followed by overnight refrigeration.  On the following day, 
samples were diluted to 0.1% protein (w/w) for analysis.   
8.3.4 Turbidity Measurements 
The turbidity of biopolymer solutions was analyzed using a UV/visible 
spectrophotometer at 600 nm (Ultraspec 3000 pro, Biochrom Ltd., Cambridge, UK).  
Sample cuvettes were composed of quartz with a cell path length of 1.0 cm.  Sample 
solutions were vortexed for 2-3 seconds prior to insertion and measurement.  Distilled 
water was used as a blank reference.   
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8.3.5 Particle Size and Charge Measurements 
Particle sizes and charges were determined using a commercial dynamic light 
scattering and micro-electrophoresis device (Nano-ZS, Malvern Instruments, 
Worcestershire, UK).  The particle size data is reported as the Z-average mean diameter, 
while the particle charge data is reported as the ζ-potential.   
8.3.6 Biopolymer Particle Composition Analysis 
Heat-treated biopolymer solutions were created at the different variable 
conditions stated above.  These solutions were diluted to 0.1% β-lactoglobulin 
concentration (wt %) to standardize solution viscosity using acetate buffer (10mM, pH 
4.7) and centrifuged to sediment the formed particles.  Centrifugation was performed 
using an ultracentrifuge (Sorvall RC6 Plus, Thermo Scientific, Waltham, MA) with a 50-
mL capacity rotor (F21 Rotor) at 13,000 RPM’s (20,000 × g) for 40 minutes (20oC Temp. 
controlled).  Samples were placed in 40-mL screw-capped plastic tubes prior to 
centrifugation.  Following separation, supernatants were decanted carefully into separate 
glass test tubes using transfer pipettes and diluted to 0.025% (wt/wt) with double-distilled 
de-ionized water for optimal analytical measurement by Lowry Assay.  Unheated β-
lactoglobulin solution, used as an external standard, was analyzed concurrently with 
samples at each period of analysis.   
The Lowry assay was performed, as follows:  0.5 mL of sample was combined 
with 2.5 mL of Lowry solution C (0.4 mM CuSO4, 1.0 mM tri-sodium citrate, 185 mM 
sodium carbonate, 98 mM sodium hydroxide), vortexed, and allowed to rest for 10 
minutes; 0.25 mL of Lowry solution D (1:1 Folin-Ciocalteau Phenol reagent: double-
distilled water) was added; solutions were vortexed and allowed to rest for 25 minutes; 
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absorbance of solutions was measured at 600 nm in a disposable plastic cuvette with a 1 
cm path length. 
8.3.7 Statistical Analysis 
All measurements were performed on at least three freshly prepared samples and 
are reported as means and standard deviations.   
 
8.4 Results and Discussion 
Biopolymer solutions of β-lactoglobulin and pectin (2:1 weight ratio, 
respectively) were created at pH 6.5, where no interaction takes place.  The pH was 
reduced towards the protein’s isoelectric point to produce associative complexes between 
the β-lactoglobulin and pectin, as earlier reported (254).  These heated complexes were 
subjected to heat in order to fabricate nanoparticles based on the hydrophobic aggregation 
of protein.  Solution and heating variables were selected to test their effect on particle 
characteristics through dynamic light scattering, electrophoretic mobility, turbidity, and 
protein content of sedimentable particles.  Variables tested include heating temperature, 
heating time, solution pH, protein concentration, and ionic strength. 
8.4.1 Immersion heating temperature 
Solutions of β-lactoglobulin and pectin (0.5 and 0.25 w/w%, respectively) were 
created and adjusted to pH 4.75.  These samples were immersed for 20 minutes in water 
baths with temperatures varying between 70 and 90 oCelsius to determine the effects of 
temperature on particle formation and characteristics.  When cool, these samples were 
diluted to 0.1% protein (w/w) and analyzed by dynamic light scattering and turbidimetry.  
Particle sizes and solution turbidity are reported in Figure 8.1.   
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Solution turbidity after heat treatment at 70oC (Figure 8.1a) was 0.27.  With 
increasing temperature, the solution turbidity decreased consistently towards 80 oC to a 
value of ~ 0.19.  These reductions in turbidity coincided with decreases in particle size 
(Figure 8.1b), which reduce the number of incident light rays scattered.  Increased 
temperature has been shown to increase aggregation rate and aggregate volume (76, 367), 
which is contrary to the results found.  The reduced particle size with increased 
temperature, found here, may have resulted from a dissociation of pectin-protein 
associative networks.  In the early stages of heating, some protein aggregates begin to 
form through increasing hydrophobic interactions (76).  Upon reaching the thermal 
denaturation temperature, which has been found to be ~ 78 oC for these associative 
complexes (Chapter 6), the protein unfolds and structural rearrangements ensue.  This 
rearrangement may have led to dissociation of the pectin from the protein, causing a 
reduction in particle diameter.  It is also possible that higher temperatures, such as 90 oC, 
induced a faster aggregation rate with more compact packing structures and smaller 
hydrodynamic radii. 
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Figure 8.1: Effect of heating temperature on (a) solution turbidity and (b) particle 
diameter for β-lactoglobulin/pectin complexes at pH 4.75 when heated for 20 minutes. 
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As not all protein necessarily forms aggregates, many residual proteins may be 
left in solution.  To determine the quantity of this non-aggregate protein, samples were 
centrifuged and the supernatant analyzed for protein content (Figure 8.2).  At each 
temperature, the majority of incorporated protein (> 55%) did not sediment upon 
centrifugation and could be considered soluble.  Soluble protein increased with 
temperature, going from 55% at 70 oC to 65% at 90 oC.  This increase in soluble protein 
content may reflect a breakdown in the complexes with increasing temperature, as 
mentioned above, where expelled proteins become redispersed.  It may also reflect the 
formation of smaller protein aggregates at higher temperature, which possess sufficient 
charge-to-mass ratio to remain soluble.   
 
 
Figure 8.2: Effect of heating temperature on soluble protein content for β-
lactoglobulin/pectin complexes at pH 4.75 when heated for 20 minutes. 
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8.4.2 Immersion Heating Time 
Similar samples were created at pH 4.75 and 0.5% protein (w/w), with immersion 
in water baths of three different temperatures (75, 85, and 90 oC) for increasing amounts 
of time (Figure 8.3) to elucidate the formative process of biopolymer particles.  As 
expected, the turbidity of solutions increased with time immersed in the water baths 
(Figure 8.3a), demonstrating the process of hydrophobic aggregation as the internal 
energy was increased.  This finding was reinforced by particle size measurements, which 
increased with longer heating times (Figure 8.3b).  At all temperatures, a maximum 
turbidity and particle size was reached after 10 minutes of heating.  After 10 minutes, 
turbidity reached a steady value, while particle size slightly diminished.   
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Figure 8.3: Effect of heating time on (a) solution turbidity and (b) particle diameter for 
β-lactoglobulin/pectin complexes at pH 4.75. 
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The increases in turbidity and particle size with heating time demonstrate 
aggregation between β-lactoglobulin molecules, limited by the presence of associated 
pectin.  Supernatants of centrifuged samples showed a decrease in soluble protein with 
increased heating time (Figure 8.4).  This decrease in soluble protein, combined with 
increased particle sizes, indicated a growth in protein aggregate volume.  At longer 
heating times, the particle size diminished or remained the same while the amount of 
soluble protein decreased.  Similar results were noted in aggregation of β-lactoglobulin at 
pH 5.3, which claimed that the number of nucleation sites increased with temperature and 
heating rate and led to more numerous, smaller aggregates (364).  This model assumed a 
nucleation and growth mechanism, where the dominant aggregative force is hydrophobic 
interaction. 
 
 
Figure 8.4: Effect of heating time on soluble protein content for β-lactoglobulin/pectin 
complexes at pH 4.75. 
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8.4.3 Effect of pH 
Previous experiments have shown that associative complexes of β-lactoglobulin 
and pectin formed suspended particles through heating between pH 5 and 4.5 (254).  
Changes to pH value in this critical range should have minute effects on the degree of 
complexation between the two biopolymers.  In this set of experiments, mixtures were 
adjusted to pH values between 5 and 4.5 and heated under fixed conditions (85 oC water 
bath for 20 minutes) to determine if these small adjustments to protein charge and 
complexation degree have any effect on formed particles (Figure 8.5). 
 
 
 
Figure 8.5a: Effect of complex pH on (a) turbidity for β-lactoglobulin/pectin complexes 
heated at 85 oC for 20 minutes. 
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Figure 8.5b/c: Effect of complex pH on (b) particle diameter and (c) particle charge for 
β-lactoglobulin/pectin complexes heated at 85 oC for 20 minutes. 
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Heated mixtures of β-lactoglobulin and pectin were diluted to 0.1% protein (w/w) 
and the solution turbidity was measured (Figure 8.5a).  Solution turbidity was highest for 
heated mixtures at pH 5.0.  As the pH was decreased, the heated solutions became less 
turbid.  The opposite trend was seen for the unheated solutions, where decreases in pH 
led to added complexation between the increasingly positive β-lactoglobulin and the 
anionic pectin chains.  These trends were also noted in earlier experiments involving β-
lactoglobulin and two types of pectin (Chapter 4) with high turbidity close to pH 5.0 
being attributed to greater protein aggregation.  The degree of complexation, which 
increases with decreasing pH, is likely related to the reduction in protein aggregation.  
Particle sizes of the heated solutions from dynamic light scattering (Figure 8.5b) also 
showed a decrease in hydrodynamic radii as the pH was decreased, demonstrating the 
reduction in protein aggregation.   
Below pH 4.75, turbidity (0.2 cm-1) and particle size (~ 290 nm) reached a steady 
value with little change for further pH reduction (Figures 8.5a and 8.5b).  Charge-
mobility results revealed that particles possessed negative charge across the entire pH 
range (Figure 8.5c), which indicated that β-lactoglobulin was not fully complexed with 
pectin (i.e. coacervation) at any point within this pH range.  To determine the amount of 
protein aggregate formed, the quantities of soluble proteins were analyzed through 
centrifugation and supernatant analysis (Figure 8.6).  Soluble protein increased with 
decreases in heated solution pH, and again reached a steady value at pH 4.75.  Thus, the 
amount of large aggregates decreased as the pH was reduced from 5 to 4.75 but was 
unaffected by further reduction.   It appeared that a critical degree of complexation was 
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reached at pH 4.75 which proffered the maximum reduction in protein aggregation.  
Further experiments are required to fully elucidate this critical value. 
 
 
Figure 8.6: Effect of pre-heating pH on soluble protein content for β-lactoglobulin/pectin 
complexes heated at 85 oCelsius for 20 minutes. 
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Turbidity of heated solutions increased consistently with greater amounts of 
protein during heating (Figure 8.7a).  These increases coincided with increases in 
detected particle size, going from 230 to 540 nm as the protein concentration increased 
(Figure 8.7b).  These increases were nearly linear, demonstrating the viability of 
controlling the diameter of formed particles through selection of the appropriate initial 
protein concentration.  It has been established that aggregation rate is a factor of protein 
concentration (368).  This influence of protein concentration, termed the Trommsdorf 
effect, reduces aggregative termination mechanisms through increased viscosity (369).  
Less negative ζ-potential values were found at lower protein concentration (Figure 8.7c), 
but this was likely an artifact due to reduced light scattering from the smaller particles.    
 
 
Figure 8.7a: Effect of protein content on (a) solution turbidity for β-lactoglobulin/pectin 
complexes heated at 85 oC for 20 minutes at pH 4.75. 
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Figure 8.7b/c: Effect of protein content on (b) particle diameter and (c) particle charge 
for β-lactoglobulin/pectin complexes heated at 85 oC for 20 minutes at pH 4.75. 
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The amount of soluble protein was also reduced with increased protein 
concentration during heating (Figure 8.8).  This reduction in soluble protein indicated an 
increase in larger protein aggregates with higher protein concentration.  Since particle 
diameter was also shown to increase at higher protein concentration during heating 
(Figure 8.7b), it is possible that both the number and diameter of formed protein 
aggregates were affected by protein content.   
 
 
Figure 8.8: Effect of protein concentration on soluble protein content for β-
lactoglobulin/pectin complexes heated at 85 oC for 20 minutes at pH 4.75. 
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determined by solution turbidity and particle size (Figure 8.9), and the extent of 
aggregation was analyzed through soluble protein measurement after centrifugation 
(Figure 8.10). 
Turbidity of heated solutions increased steadily with higher sodium chloride 
concentration, nearly doubling in value from 0 to 50 mol/kg (Figure 8.9a).  The turbidity 
of unheated solutions was unchanged with different sodium chloride concentrations, 
indicating that the effect of ionic strength on turbidity was the result of increased thermal 
protein aggregation.  This concurred with increases in particle size as the amount of 
sodium chloride was increased (Figure 8.9b).  Increases in ionic strength diminish 
repulsive electrostatic forces between similarly-charged polymers, such as the adhered 
pectin, and induce greater aggregation of proteins through hydrophobic interactions (73, 
370).  In this way, aggregation rate and the resultant particle diameter may be controlled 
through selection of the appropriate ionic strength. 
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Figure 8.9: Effect of initial ionic strength on (a) solution turbidity and (b) particle 
diameter for β-lactoglobulin/pectin complexes heated at 85 oC for 20 minutes at pH 4.75. 
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Ionic strength reduced the amount of soluble proteins dramatically among heated 
solutions (Figure 8.10).  Soluble protein dropped from ~ 50% to less than 20% by adding 
only 50 mol/kg sodium chloride.  This larger amount of sedimented protein was at least 
partially the effect of greater particle diameter after heating (Figure 8.9b).  Greater ionic 
strength may also contribute to sedimentation of existing particles through reductions in 
apparent charge, reducing the solubility of components (371).     
 
 
 
Figure 8.10: Effect of initial ionic strength on soluble protein content for β-
lactoglobulin/pectin complexes heated at 85 oC for 20 minutes 
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8.5 Conclusion 
Particles were formed from associative complexes between β-lactoglobulin and 
pectin below pH 5 through thermal treatment.  Factors such as temperature, heating time, 
pH, protein concentration, and ionic strength were investigated for their effects on 
particle characteristics.  General solution properties were determined by turbidity, while 
particle size and aggregate formation were analyzed through dynamic light scattering and 
supernatant protein content.   
Particle formed at lower temperatures were found to have higher turbidity and 
particle size than those at temperatures above denaturation conditions.  Due to their larger 
size, slightly more protein sedimented in solutions heated at 70 oC rather than above 80 
oC.  Solution turbidity and particle size also increased with longer heating time until 
reaching a steady value after 10 minutes, regardless of heating temperature.  This was 
reflected in reduced soluble protein as the solution was heated for longer periods.  This 
steady point was taken as a stable product of protein thermal treatment with diameter of ~ 
300 nm and approximately 50% sedimentable protein.  Heating for 20 minutes at 85 oC 
was established as a good method for creating particles with these stable characteristics. 
Reduction in pH from 5 to 4.75 resulted in a lower turbidity and particle size, 
which was reflected in a greater amount of soluble protein.  Below pH 4.8 the particle 
characteristics reached a steady state, which was attributed to a maximal reduction in 
protein aggregation through associated pectin chains.  None of the samples were 
considered coacervates, as they possessed residual negative charge.   
Particle diameter and solution turbidity were greatly affected by the protein 
concentration, more than doubling in value from 0.1 to 2% protein.  As the ratio of 
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protein to polysaccharide was unchanged, this effect was not a result of reduced particle 
charge.  Due to the greater aggregate volume, the amount of sedimentable protein also 
increased at higher protein concentrations. 
Small increases in ionic strength from 0 to 50 mol/kg sodium chloride led to 
increases in turbidity, particle size, and sedimented protein of the complex particles 
during heating.  Increased ionic strength shielded repulsive interactions of pectin within 
associative complexes and caused larger aggregate formation and reduced solubility. 
Experiments on the effects of temperature, heating time, pH, protein concentration, and 
ionic strength have shown that it is possible to control the size and solubility of particles 
from thermal treatment of associative complexes.  These effects may all be related to 
their increasing influence on aggregation and denaturation of the β-lactoglobulin 
component and to the mollifying effects of the complexed pectin chains.   
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CHAPTER 9 
 
9 CONCLUSION 
 
 
This research has shown that biopolymer nanoparticles can be formed by 
controlled thermal treatment of protein-polysaccharide electrostatic complexes.  Mixed 
solutions of a globular protein (β-lactoglobulin) and an anionic polysaccharide (pectin or 
carrageenan) were formed into associative complexes through pH reduction from neutral 
conditions.  Turbidity results confirmed the initiation of complexation at pH values 
slightly above pH 5, with denser precipitate or coacervate phases forming below pH 4.5.  
Thermal treatment of these associative complexes was investigated as a function of 
biopolymer composition, heating conditions, pH, and ionic strength.  Thermal treatment 
of β-lactoglobulin-pectin complexes at pH 4.5 – 5.0 was found to create protein-based 
nanoparticles with narrow size distributions (diameter ~ 150 – 400 nm).  Inclusion of 
salts indicated that electrostatic interactions prior to heating were imperative for the 
creation of these particulates.  These particulates were stable to pH adjustment (3 to 7) 
and to high levels of salt (200 NaCl).  Particle characteristics were also maintained after 
re-suspending them in aqueous solutions after they have been either frozen or 
lyophilized.   
Particle formation and characteristics were investigated during and after the 
heating procedure of the protein-polysaccharide complexes.  Thermal analysis of β-
lactoglobulin-pectin complexes using calorimetry (DSC) and turbidity-temperature 
scanning indicated that the denaturation of β-lactoglobulin was unaffected by the 
presence of pectin.  However, the extent of protein aggregation was limited under 
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complexation conditions with pectin (e.g. pH 4.5 – 5).  Measurements of solution 
composition revealed that the particles were composed primarily of aggregated β-
lactoglobulin, which were likely coated with small amounts of pectin at lower pH values 
(pH < 5.5).  Roughly half of the protein and nearly all of the pectin were found as soluble 
biopolymers in the supernatant. 
The method of producing biopolymer nanoparticles developed in this research 
was compared with an alternative method that also involves heat treatment and protein-
polysaccharide complexation.  These two methods were: Type 1 – forming β-
lactoglobulin nanoparticles by heating, then coating them with pectin; Type 2 – forming 
nanoparticles directly by heating β-lactoglobulin and pectin together.  Type 2 particles 
had smaller diameters and better pH and salt stability than Type 1 particles.  Stability in 
the presence of high ionic strength and charge mobility results revealed important 
differences between the two systems.  It was proposed that Type 2 particles had a pectin-
saturated surface that limited their aggregation, whereas Type 1 particles had “gaps” in 
the pectin surface coverage that led to greater aggregation.   
Incorporation of protein particles into the food industry requires some flexibility 
in design and enhanced functionality.  The possibility of controlling the size, charge, and 
concentration of biopolymer particles by controlling the preparation conditions during 
thermal treatment of β-lactoglobulin-pectin complexes was investigated.  Biopolymer 
particle size and concentration increased with increasing holding time (0 to 30 minutes), 
decreasing holding temperature (90 to 70 ºC), increasing protein concentration (0 to 2 
wt%), increasing pH (4.5 to 5.0), and increasing salt concentration (0 to 50 mol/kg).  The 
influence of these factors on biopolymer particle size was attributed to their impact on 
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protein-polysaccharide interactions, protein denaturation, and protein aggregation 
kinetics.   
Through these experiments a few general conclusions can be made: 
• Associative, suspended complexes between β-lactoglobulin and pectin could be 
formed by reducing the pH of neutral solutions to pH 5 – 4.5. 
• Denaturation of β-lactoglobulin is insignificantly affected by the presence of 
pectin in associative conditions at the concentrations tested.  Hydrophobic 
aggregation of the protein is significantly limited in the presence of pectin in 
associative conditions, but still occurs at temperatures close to the 
denaturation temperature. 
• Thermal treatment of β-lactoglobulin-pectin complexes produces protein-based 
ovoid particles with hydrodynamic diameter of 100 – 400 nm.  The size of 
these particles may be controlled through manipulations in pH, protein 
concentration, ionic strength, temperature, and heating time. 
• Particles produced from thermal treatment of β-lactoglobulin-pectin complexes 
are more stable to changes in pH than the pure protein or the unheated 
complex, and the stability to acidic conditions is improved with the addition 
of sodium chloride.  Their stability may be directly linked to their surface 
charge, which is likely related to pectin surface-coverage. 
 
The results of this research identified a number of areas where future experiments 
would be beneficial in developing knowledge of the particle characteristics and the 
formation mechanism.  Some suggested studies might be: 
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• Determination of biopolymer particle structure, especially the spatial 
organization of β-lactoglobulin and pectin components within the particles.  
More knowledge is required on the location and quantity of pectin within the 
biopolymer particles at different pH conditions.   
• Investigation of pectin’s function (or other anionic polysaccharides) on 
inhibition of β-lactoglobulin aggregation, which was responsible for the 
formation of biopolymer particles.  This includes studies on the possible 
dissociation and re-association of pectin during or after thermal treatment, 
which has not been proven or disproven in the experiments in this work. 
• Investigation of encapsulation capability for the biopolymer nanoparticles for 
different bioactive components.  This includes studies on encapsulation 
efficiency and release characteristics among different creation methodologies 
and environments. 
• Investigation of the degradation of biopolymer nanoparticles under digestive 
conditions. This includes lingual-, gastric-, or intestinal- conditions, either in 
vivo or in vitro.   
• Investigation of alternative globular protein – anionic polysaccharide systems 
for the creation of biopolymer nanoparticles with different characteristics. 
 
The knowledge gained from this research will guide the rational design of 
biopolymer particles with specific physicochemical and functional attributes that can be 
used in the food and other industries, e.g., for encapsulation, texture modification, optical 
properties modification.   
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